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ABSTRACT 
EXPLAINING THE VARIABILITY OF FREE-LIVING AND ATTACHED 
BACTERIOPLANKTON ABUNDANCES IN THE BAY OF ST. LOUIS, MISSISSIPPI 
by Allison Kristine Mojzis 
December 2010 
The Bay of St. Louis (BSL) is a shallow and vertically well-mixed estuary on the 
Gulf Coast of Mississippi and supports the recreational and commercial activities of the 
surrounding towns of Bay St. Louis, Diamondhead, DeLisle, and Pass Christian. In 
addition to residential communities, various industrial and commercial sites inhabit the 
watershed and coastline. The Hollywood casino, DuPont titanium dioxide plant, and 
multiple sew_age treatment plants, as well as nonpoint sources of pollution, contribute to 
poor water quality. To evaluate spatial and temporal changes in BSL water quality, free-
living and attached bacterioplankton concentrations were enumerated by epifluorescence 
microscopy. Nine stations were sampled during outgoing tidal cycles from March to 
September 2007 to determine how the water quality changed as it is flushed out of BSL. 
Environmental parameters, inorganic and organic nutrients, hydrologic parameters, and 
weather condition were measured or collected to explain bacterioplankton variability in 
BSL. Stations included the mouths of two rivers, the entrance to a bayou, and along a 
longitudinal transect out of the bay to the adjacent Mississippi (MS) Sound. Attached 
. bacteria, cells removed from particles, were found in the range of 0.92 x 108 cells L-1 to 
13.20 x 108 cells L-1• Free-living bacteria (7.22 x 108 cells L-1 to 52.98 x 108 cells L-1), 
cells that were plank.tonic and not associated with particles, accounted for the majority 
11 
(>50%) of the total bacterial abundance. Total bacterial abundance was highest in the 
summer months (July, August, and September), and lowest during spring (March through 
June). The highest bacterial concentrations for both free-living and attached bacteria 
were found at station 5, at the mouth of Bayou Portage. Lowest counts of bacteria were 
typically found in the middle ofBSL (stations 6 and 7) and in the MS Sound. 
Spearman's Rank was completed for all data and showed that attached bacteria were 
positively correlated with turbidity, ammonium (NH4), dissolved inorganic nitrogen 
(DIN), and dissolved organic carbon (DOC). Attached bacteria were correlated 
negatively to in situ temperature. Free-living bacteria were positively correlated with 
salinity, in situ temperature, dissolved oxygen (DO), DOC, total dissolved nitrogen 
(TDN), and chlorophyll a (chi.a). Attached bacteria varied both spatially and temporally, 
but free-living bacteria differed significantly only on temporal scales. Based on these 
results, attached and free-living bacteria can be treated as separate bacteria populations. 
During the summer, an increase in freshwater runoff and the materials introduced into 
BSL by both point and nonpoint sources have the ability to elevate bacterioplankton 
concentrations and thus negatively impact the water quality ofBSL. 
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Heterotrophic bacteria (bacterioplankton) are ubiquitous organisms in estuarine 
ecosystems like the Bay of St. Louis, MS (BSL) whose growth rates and biomass can 
expand or minimize due to changes in environmental conditions (Revilla et al. 2000; Lipp 
et al. 2001; Carvalho et al. 2003; Rowe 2008). Seasonal changes in temperature can 
influence bacterioplankton abundances by creating optimal growth conditions (Shiah and 
Ducklow 1994; Amon and Benner 1998; Apple et al. 2004). Inorganic and organic 
nutrients delivered to BSL via freshwater flows, wastewater discharge, shifting tides, and 
atmospheric deposition also have the ability to stimulate or enhance bacterial growth 
(Kirchman 1994; USGS 2000; Luef et al. 2007; Hitchcock et al. 2010). The same 
transport mechanisms can carry bacteria, nutrients, and particulate matter from their 
sources into an estuary, causing a decline in water quality (Phelps 1999; Van Dolah et al. 
2003; Caccia and Boyer 2005). 
Bacteria have been utilized as water quality indicators for the past few decades 
since the establishment of the Beaches, Environmental Assessment, and Coastal Health 
(BEACH) Program (EPA 2003). Indicator species, such as fecal coliforms and enteric 
bacteria, are the common criteria for water quality in the United States because of their 
association with pathogens and the ability to cause illness in humans (EPA 2003; Noble 
et al. 2003; Hamilton and Luffman 2009). However, this group represents only a small 
portion of the bacterioplankton population; measuring total bacterial abundances can 
offer more information on the health of an aquatic ecosystem. More importantly, how 
these abundances interact with in situ environmental parameters to affect water quality 
provides vital information for resource and habitat managers. 
Background 
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The BSL is a microtidal drowned river valley that is well-mixed with an average 
depth of 1.5 m. The area ofBSL is 10.5 km x 8.1 km, and the width of the inlet to MS 
Sound is 3 km (Eleuterius and Criss 1994), with a wet surface area of-4000 hectares at 
mean low water (Eleuterius 1983). A seawall runs along North Beach Blvd on the 
western perimeter, beginning north of the Bay-Waveland Yacht Club just north of 
Highway 90. The northern and eastern shorelines ofBSL consist of shallow marsh and 
swampy areas. There are approximately 27 bayous that drain into BSL (GCRL 1978); 
the major bayous are Catfish, Cutoff, Bayou LaCroix, Edwards, Watts, and Joe's on the 
western side, and Cedar, DeLisle, Bayou Acadian, Johnson, Mallini, and BP on the 
eastern side. A series of 3 ship channels radiate inward from the mouths of the Jourdan 
River (JR), Wolf River (WR), and Bayou Portage (BP), converging in the central portion 
of the bay. According to historical data, the JR has an average flow of 23.5 
m3 s·1, higher than the WR discharge at 20.1 m3 s·1 (GCRL 1978; Eleuterius and Criss 
1994). 
The bay spans the two coastal counties of Hancock and Harrison, which include 
the towns of Bay St. Louis, Diamondhead, DeLisle, and Pass Christian (Fig. 1.1). In 
addition to residential areas, various industrial and commercial areas are located in the 
watershed and near the shoreline (Fig. 1.2). The Hollywood Casino in Bay St. Louis is 
located on the western shore of the bay, near the mouth of the JR. Nearby to the casino is 
the east Hancock County Utility sewer outfall. The DuPont DeLisle titanium dioxide 
plant is situated on the northern shore and has a submerged effluent pipe which releases 
waste directly into BSL (EPA 2010b). The Harrison County Industrial Park in Pass 
Christian is located on the eastern shore of the bay, near BP. Many companies at the 
Industrial Park discharge effluents into creeks and bayous that then disperse into the bay 
(EPA 2010b). 
N County Boundaries 
N Strecms 
Sl LOlis Bay Study /Ilea 
c::JWaterbody 
• Major Cities 
D Mississippi Coastal Watershed 
10 0 10 20 30 Mies 
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Fig. 1.1. The Coastal Streams Basin, as defined by MDEQ. The western section, colored 
green, is the BSL watershed which includes full extent of the JR and WR from their 
sources in Pearl River County. Image from Hashim (2001). 
Fig. 1.2. Bay of St. Louis study area and sampling stations. Included are major cities, 
industrial and commercial sites, and contributing bodies of water. Image created by 
Travel Maps USA 1998. 
4 
Several studies have addressed water quality in the BSL watershed, spanning over 
3 decades and including a variety of environmental parameters. The first known study 
was completed in 1978 by the Gulf Coast Research Laboratory, as a baseline survey for 
the DuPont Company prior to the construction of their plant on the north shore ofBSL. 
Coliform and fecal coliform bacteria were measured using the multiple tube fermentation 
technique, which was the accepted standard method at the time (Cook 1979). Cook 
(1979) found that coliform and fecal coliform bacteria were correlated positively with 
turbidity, and suggested that bottom sediments may be a "reservoir" for bacteria which 
may be introduced into the water column during periods of high wind stress. Also, 
stations that were closer to freshwater inputs had higher concentrations of bacteria, and 
that this pattern had not changed from a study conducted 6 years prior (Cook 1979). 
Around the same time as the GCRL study, the Environmental Protection Agency 
(EPA) enacted the Clean Water Act, which set water quality standards and implemented 
pollution control for all waters of the United States. Under Section 303, entitled Water 
Quality Standards and Implementation Plans, requires that states monitor their water 
bodies based on the EPA standards and report which waters do not meet those 
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limitations. Section 303(d) is the List oflmpaired Waters, of which BSL, JR, WR, and 
many bayous have been listed since 1996 (EPA 201 Oa). To address this issue, the 
Mississippi Department of Environmental Quality (MDEQ) approved fecal coliform 
Total Maximum Daily Load (TMDL) reports for BSL, JR, and WR (MDEQ 2001). The 
main goal of the TMDL was to reduce fecal coliform loadings in BSL watershed to lift 
restrictions on shellfish harvesting in BSL. Currently the TMDL is still employed, and an 
additional TMDL for nutrients and organic enrichment for BSL tributaries was developed 
in 2007 (MDEQ 2007) to monitor total nitrogen, total phosphorus, and total biochemical 
oxygen demand (BOD). Even though the State of Mississippi does not have water 
quality standards for these parameters, the MDEQ recognized the importance of 
examining their influence on water quality in BSL (MDEQ 2007). 
The University of Southern Mississippi Department of Marine Science has 
produced several research theses in the last decade on the environmental quality of BSL. 
Phelps ( 1999) defined poor water quality in terms of high turbidity, the nitrogen to 
phosphorus molar ratio greater than 16, low chlorophyll a (chi.a), the carbon to nitrogen 
molar ratio greater than 17 in the sediments, and low trophic diversity. Her study 
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concluded that poor environmental quality occurred in BSL during episodic rain events 
causing temporal variations; on the other hand, there were no spatial differences in 
parameters (Phelps 1999). Pluhar (2007) measured viral abundance in BSL and 
concluded that water quality was marginal (108 - 1010 VLP L-1) , especially during periods 
of high turbidity, low salinity, and increased freshwater discharge. Cochlan et al. (1993) 
and Auguet et al. (2005) found a positive correlation between viral abundance and 
bacterial abundance, suggesting that bacteria are a major host organism for viruses and 
those viruses can contribute to poor water quality. Although the EPA repeatedly stated 
that BSL water quality was impaired during the last decade (EPA 2010a), Sawant (2009) 
suggested that environmental quality in BSL was good for the years of 2003-2004. The 
parameters used to define water quality in that study were dissolved inorganic nitrogen 
(DIN), dissolved inorganic phosphorus, chi.a, turbidity, and DO (Sawant 2009). No 
bacterial indicators were used to support her conclusion, thus contradicting the MDEQ 
(2004) report. However, from January to May 2004, Rowe (2008) collected water 
samples to measure bacterioplankton abundances for the first comprehensive study of the 
entire BSL bacterioplankton population. He found higher abundances at freshwater 
effluents and lower abundances in the MS Sound, and that physical forcing was 
influential on water quality (Rowe 2008). 
Direct counts of bacterioplankton cell abundances were not feasible until Hobbie 
et al. (1977) developed the technique of epifluorescence microscopy using a 
fluorochrome stain called acridine orange. Throughout the next decade, this was the 
superior method used for counting bacterial cells, and as technology advanced, another 
stain called 4',6-diamidino-2-phenylindole, or DAPI (Porter and Feig 1980), was 
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introduced and often preferred by scientists over acridine orange because acridine orange 
stained everything on the filter (Kepner and Pratt 1994 and references therein; K. 
Gundersen, personal communication). Noble and Fuhrman (1998) furthered 
epifluorescence microscopy by developing a similar technique using SYBR Green I. 
This nucleic acid stain became the forerunner in direct counts of bacteria, due to its 
flexible applications, decreased staining time, and low purchase cost (Noble and Fuhrman 
1998). A few years later, Molecular Probes Inc.® introduced SYBR Gold, claiming it to 
"surpass even the sensitivity of [their own] SYBR Green" (Molecular Probes Inc.® 2006, 
p.l). Chen et al. (2001) and R. Pluhar (personal communication) found that SYBR Gold-
stained cells fluoresced longer than SYBR Green-stained cells, which faded much 
quicker. SYBR Gold also made it easier to distinguish bacterial cells from detrital 
particles; particulate matter fluoresced orange-red as opposed to DNA-containing cells 
which fluoresced yellow-green (Chen et al. 2001 ). This particular characteristic of SYBR 
Gold made it the preferential nucleic acid stain for this study, as estuarine bacteria exist 
in two "subpopulations": the free-living planktonic state, and attached to particles such as 
organic matter, detritus, or sediment (Kirchman 1993). 
Bacteria have the ability to adhere to sediment and detrital particles which settle 
out of the water column. This is important in that tidal changes and wind-driven currents 
can disturb sediments and resuspend particles that may contain attached bacteria. Many 
previous studies did not account for the attached bacteria subpopulation of 
bacterioplankton (Shiah and Ducklow 1994; Amon and Benner 1998; Revilla et al. 2000; 
Schultz et al. 2003; Auguet et al. 2005; Rowe 2008), even though attached bacteria can 
contribute significantly to total abundances (Cammen and Walker 1982; Painchaud and 
Therriault 1989; Crump et al. 1998) and may even be more productive than free-living 
bacteria, due to their association with organic matter (Luef et al. 2007). Studies have 
shown an increase in bacterial concentrations when turbidity is high (Cook 1979; 
Hamilton and Luffman 2009; Van Dolah et al. 2003) and other studies subsequently 
suggested that attached bacteria may be primarily of benthic origins (Painchaud and 
Therriault 1989; Crump et al. 1998; Rink et al. 2008). 
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There has been extensive research showing that bacterioplankton abundances are 
correlated positively to chi.a, which represents phytoplankton biomass (Fuhrman et al. 
1980; Linley et al. 1983; Amon and Benner 1998). Phytoplankton is important as a food 
source for bacterioplankton, and grazing would cause an extracellular release of dissolved 
organic carbon (DOC) that would support and/or limit bacterial biomass (Linley et al. 
1983; Malone and Ducklow 1990). Through literature studies and their own field 
research, Apple et al. (2008) found that bacterial production and chi.a biomass were 
correlated positively in marine, coastal, and estuarine ecosystems. 
Bacterioplankton play an important role the microbial loop by recycling organic 
matter through excretion, sloppy feeding, and cell lysis. Dissolved organic carbon has 
been proven to enhance bacterial production and influence bacterioplankton variability in 
many estuarine systems (Malone and Ducklow 1990; Kirchman 1994; Carvalho et al. 
2003; Farnell-Jackson and Ward 2003; Auguet et al. 2005). In a controlled experiment, 
Hitchcock et al. (2010) saw bacterioplankton abundances increase when DOC, in the 
form of glucose, was added to mesocosms. More specifically, Wang (2009) found that 
the JR was a major contributor of DOC to BSL. Total dissolved nitrogen (TDN) 
measurements can also be helpful in explaining bacterioplankton variability (Carvalho et 
al. 2003; Van Dolah et al. 2003). Carbohydrates are another source of organic carbon in 
aquatic systems, and mixing experiments have shown that bacterial utilization can 
remove up to 30% of the total carbohydrate (total CHOs) concentration in the water 
(Wang 2009). Spatial distributions of carbohydrates can provide additional information 
on bacterial abundances, as dissolved carbohydrates can increase in the water due to 
bacterial degradation, especially by the attached bacteria subpopulation (Hung et al. 
2003). 
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Inorganic nutrients (phosphate, nitrogen species, and silicate) are needed by both 
bacterioplankton and phytoplankton for growth and survival. Often, bacterioplankton 
and phytoplankton compete for the necessary resources, especially nitrate and ammonium 
(Kirchman 1994). In the literature reviewed to date, a general conclusion could not be 
reached as to the relationship between inorganic nutrients and plankton species. Some 
authors saw significant correlations between inorganic nutrients and bacterioplankton 
abundances (Revilla et al. 2000; Carvalho et al. 2003; Auguet et al. 2005), whereas other 
authors saw none (Fuhrman et al. 1980; Farnell-Jackson and Ward 2003). For example, 
Fuhrman et al. ( 1980) found that nitrate and ammonium were not correlated with 
bacterioplankton or phytoplankton abundances, but Jochem (2001) saw that 
bacterioplankton abundance decreased as nitrate and ammonium concentrations 
decreased along the salinity gradient. Rowe (2008) found that total bacterial abundances 
correlated only with phosphate. Apple et al. (2004) suggested that bacterioplankton 
respond positively to an increase in nutrient inputs, but that the response was most likely 
mediated by freshwater inputs. 
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Water quality can be greatly influenced by physical forces such as freshwater 
discharge, tidal level, winds, and rainfall. During period of heavy rains, pollutants, land-
derived nutrients (i.e., fertilizers), and wastewater can be transported rapidly into BSL. 
Rowe (2008) saw significant changes in bacterioplankton abundance in BSL relative to a 
prior rain event. Lipp et al. (2001) found a positive correlation between fecal coliform 
concentrations and rainfall and discharge in a Florida estuary. Winds can stir up the 
bottom sediment in shallow areas of the bay, increasing turbidity which may lead to an 
increase in particle-associated bacteria (Cook 1979; Painchaud and Therriault 1989; 
Crump et al. 1998). Physical forcing can create spatial variability within an estuary by 
controlling distributions and concentrations of water quality parameters (Carvalho et al. 
2003; Van Dolah et al. 2003; Caccia and Boyer 2005; Sawant 2009). 
Significance 
Current indicator species for water quality criteria in the United States are total 
coliform bacteria, which includes fecal coliform bacteria, Enterococci, and Escherichia 
coli. There are many more species of aquatic bacteria that are not monitored regularly 
that have the ability to cause human diseases, such as species of Vibrio, Clostridium, 
Legionella, Pseudomonas, and more (see Grimes 1991 for full list). Since the existing 
EPA standards require monitoring of only coliform bacteria, these other possible 
indicator organisms have been overlooked by state and federal regulations. Enumerating 
the entire bacterioplankton population provides a better understanding of the role of 
bacteria in the estuary and thus overall water quality (Kepner and Pratt 1994; Rowe 
2008). 
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The State of Mississippi uses Enterococci as the sole indicator organisms for 
water quality, and the MDEQ maintains a website with up-to-date information on 
concentrations and beach closures (EPA 2003; MDEQ 2010a). The MDEQ monitors 
multiple beach sites along the MS Sound coastline, but they do not sample directly in 
BSL or its freshwater tributaries. Beaches are their main concern because there is a 
higher possibility for human contact with coliform bacteria. Sewage treatment effluents 
are the main point source for fecal coliforms; however, there are many other urban and 
non-urban non-point sources of fecal coliform bacteria, such as excretion from wildlife, 
domestic pets, boat pump out waste, and failing septic systems (Hashim 2001; MDEQ 
2001; Huddleston et al. 2003). Possible sources for the Enterococci found at the MDEQ 
beach sites could be located within BSL and its tributaries. Beach monitoring alone does 
not provide enough information to determine the sources of contamination, which are the 
areas that should receive more attention regarding regulations. Beach closures attempt to 
prevent human contact and possible illnesses, but do not directly address the problem: the 
source of the contamination and the mechanisms that control water quality. 
Measuring both free-living and attached bacterioplankton abundances by 
epifluorescence microscopy and collecting parallel information on the environment and 
water column characteristics allows for a thorough investigation of water quality in BSL. 
Current cell culture methodologies used by the MDEQ are insufficient to explain water 
quality variability due to limited sampling data. Although introducing more variables 
into management strategies increases the complexity of such a task, these parameters are 
vital in order to improve upon existing monitoring programs (Hashim 2001; Huddleston 
et al. 2003). Without the collection of field samples, TMDL models do not accurately 
reflect water quality dynamics in the BSL estuary. As technology advances and the 




Coliform bacteria and Enterococci densities are measured to determine water 
quality in coastal waters, more specifically at beaches. However, these organisms alone 
· should not determine the health of an ecosystem. Many other bacterial species exist in 
estuaries and their overall concentrations should not be ignored. Source locations such as 
the freshwater inputs of the JR, WR, and BP need to be monitored in addition to beach 
sites. Flows of freshwater and wastewater mix with the estuarine water and are 
distributed throughout the bay. Freshwater inputs can deliver high concentrations of 
inorganic and organic nutrients which may stimulate bacterial growth and result in higher 
abundances. In addition, physical forcing such as river discharge and tidal level can play 
a dominant role in the spatial variation of bacterioplankton. Outgoing tides are more 
important to determine if freshwater input is the cause of poor water quality nearest the 
sources. Temperature will be the most important environmental parameter that 
influences bacterioplankton concentrations, showing a clear seasonal distinction between 
sampling dates. Wind and precipitation data will be collected to determine if the weather 
can directly or indirectly affect bacterioplankton abundances. The main objective of this 
study was to enumerate free-living and attached bacterioplankton abundances and define 
the factors and mechanisms influencing spatial and temporal distributions in BSL. More 
specifically, free-living bacteria and attached bacteria will have different relationships 
with these variables, due to their physical status in the water column: free-living bacteria 
13 
are planktonic, and attached bacteria are associated with particulate matter. A closer 
examination of these relationships using both linear and multivariate techniques will 
explain the overall variability of water quality in BSL. The results provide useful 
information for Hancock and Harrison Counties to determine if changes need to be made 
in current water quality criteria for BSL. 
Hypotheses 
1. Spatial variation: The abundance ofbacterioplankton is higher at stations closer to 
freshwater effluents compared to stations in the middle of the bay and in the MS 
Sound, i.e., a decrease in bacterioplankton along the salinity gradient. 
2. Temporal variation: The abundance of bacterioplankton will differ significantly 
on both the monthly and seasonal timescales. 
3. Correlations: Bacterioplankton abundances will be correlated significantly to 




DATA COLLECTION AND ANALYSES 
Nine stations (Fig. 2.1) were sampled monthly from March through September of 
2007 to monitor the water quality at the mouths of the freshwater inputs (WR and JR), 
industrial effluents (DuPont's submerged effluent pipe and BP), and how the water 
quality changes as it is flushed out ofBSL during outgoing (ebb) tides. These stations 
were chosen based on a 2003-2004 study ofBSL (Sawant 2009), Evaluating 
Environmental Quality for the Bay of St. Louis, funded by the National Oceanic and 
Atmospheric Administration (NOAA) and the MDEQ. Returning to these stations three 
years later for the current study adds to a reliable and continuous time series of water 
quality data which began in 1995. These stations also provide for an accurate 
comparison to the five stations sampled by Rowe (2008) for bacterioplankton 
abundances, environmental parameters, inorganic nutrients, and chi.a. Based on results 
from Rowe (2008), changes in water quality varied both spatially and temporally, and 
similar hypotheses were tested for during this study. 
Sampling Scheme 
Stations 1 and 4 are crucial to this water quality study because of their locations at 
the mouths of the JR and WR, respectively. These stations represent freshwater end 
members of the estuary that have the ability to transport inorganic and organic nutrients 
into BSL. Station 2 is slightly offshore from the DuPont plant on the north shore of BSL, 
at the mouth of the plant's submerged effluent pipe. 
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Fig. 2.1. Study area of the Bay of St. Louis, including GPS marked stations. Blue lines 
connecting each station indicate the sampling path, beginning at station 9 and ending at 
station 1. For coordinates, refer to Appendix E. NOAA Nautical Chart #11372. 
Sewage treatment effluents are located near station 5, at the mouth of BP and Johnson's 
Bayou. High concentrations of bacteria were expected at this station. Stations 3, 6, 7, 
and 8 created a north-south transect through the main body ofBSL towards the entrance 
of the estuary. These four stations are less influenced by freshwater inputs and industrial 
effluents, and so were expected to have lower bacterial abundances. Station 9 is the 
seawater end member station in the MS Sound, which seems relatively unaffected by the 
freshwater inputs ofBSL during outgoing tides. 
Sampling was done on a monthly basis from March to September 2007, on the 
predicted highest high tide of each month. During the spring and summer, BSL is a very 
active water body for recreation, including boating and fishing, and therefore water 
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quality is critical during this time period. All stations were sampled by boat (21' 
Carolina Skiff), beginning at station 9 and moving into the bay in decreasing numerical 
succession, reaching station 1 last. This scheme allowed time for the tide to shift, thus 
enabling data to more accurately reflect an outgoing tide, especially at the inshore 
stations. Station 9 was not sampled during March and May due to poor weather and high 
wind conditions. 
Field Methods 
The BSL is well-mixed due to its relative shallowness and semi-diurnal tides, as 
well as continuously shifting wind patterns. Upon arriving at each station, profiles for 
environmental parameters (in situ temperature, salinity, turbidity, and DO) were 
recorded. These profiles were uniform throughout the water column (similar to Caccia 
and Boyer 2005), and so only surface water was sampled and data presented henceforth 
are surface values. From March through July, a YSI-6000 UPG multi-parameter water 
quality monitoring sonde (YSI Environmental Monitoring Systems Inc.) with an YSI 
610-DM handheld unit was deployed. A second profiling device, the In-Situ® Multi-
Parameter Troll 9500 WQP-100 (In-Situ Inc.), was used during August and September, 
replacing the YSI sonde. Each of these instruments was calibrated according to their 
specific manuals the day prior to sampling. Calibration methods are henceforth described 
because each instrument relied on a different method to calibrate similar parameters. 
Salinity measurements were taken by three different instruments over the study period. A 
YSI® conductivity meter (model# 33 S-C-T) was used for March, April, and May. The 
YSI-6000 was used to record salinity for June and July, and the In Situ® Troll was used 
during August and September. The YSI 33 S-C-T measured in situ temperature and 
conductivity, which was converted to salinity as the output reading. The YSI 6000 was 
calibrated using artificial seawater of known values (grams of salt in a liter of water). 
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The manufacturer of the In Situ® Troll 9500 had calibrated the sensor prior to delivery in 
August 2007, and recommends calibration every six months to one year. Therefore, it 
was not calibrated for salinity during the course of this study. Dissolved oxygen was 
measured electrochemically (YSI, March through July) and optically (In Situ® Troll, 
August and September). 
Surface water was collected by hand using sample-rinsed 2-gallon polypropylene 
bottles for inorganic nutrients and chi.a. For bacteria samples, a plastic graduated 
cylinder was sample-rinsed directly from the surface water, and then triplicate volumes of 
22.5 mL of water were collected at each station. Samples were poured into 125 mL acid-
washed brown polyethylene bottles that contained 2.5 mL of 0.2 µm filtered 25% 
gluteraldehyde (OTA) to preserve the samples until laboratory analysis (Clarke and Joint 
1986; Kepner and Pratt 1994). All bottles were stored in a cooler with ice packs until 
filtration. Surface water samples for DOC, TDN, and carbohydrates were also taken by 
either Yihua Cai or Xuri Wang. 
Sample Storage Procedures 
Upon returning to the lab, aliquots of250 mL from the 2-gallon bottles were 
filtered through pre-rinsed glass fiber filters (GF/F) for inorganic nutrient concentrations: 
nitrate+nitrite (NOx), ammonium (NH4), phosphate (P04), and silicate (Si03). The 
filtrate was poured into 250 mL acid-washed brown polyethylene bottles and stored in a 
freezer until analysis. Duplicate 100 mL aliquots from the 2-gallon bottles were filtered 
through GF/F filters for determination of the concentration of chi.a. Filters were folded 
into cryogenic tubes and stored in liquid N2 dewars for one year, then transferred to a 
-80°F freezer until analysis one year later. 
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Bacteria samples were analyzed 1-3d after collection. To prevent cell loss by 
enzymatic activity over time, an additional preservative was required. Though cell loss 
was most likely negligible over the first three days, as a precaution, 10 µL of a 100 µM 
stock solution of the protease inhibitor phenolmethylsulfonylfluoride (PMSF) (Gundersen 
et al. 1996) was injected into each bacteria sample bottle upon returning to the lab after 
field work. The bacteria samples were then stored in a refrigerator until analysis in the 
three days following field sampling. The addition of PMSF allowed sufficient time for 
analysis, which took on average -10 hrs to fully process three stations of bacteria 
samples. Three stations were processed each day: stations 1-3 on the day after sampling, 
stations 4-6 two days after sampling, and stations 7-9 on the third day after sampling. 
Water Sample Analysis 
All nutrients were measured using fluorometric (N species) and 
spectrophotometric (P04 and Si03) methods on the Astoria-Pacific A2+2 nutrient auto-
analyzer (Method #A 179, A027, A205, and A221; Astoria-Pacific International, Oregon 
USA). Fluorometric analysis for chi.a was done by methanol extraction (Welschmeyer 
1994; Ritchie 2008) and read on a Turner Designs 10-AU fluorometer. Other colleagues 
measured DOC and TDN by high temperature combustion method using a Shimadzu® 
TOC-V analyzer (Guo et al. 1995), and carbohydrates by the TPTZ method (Hung et al. 
2001). 
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Hydrologic and Weather Data 
Watershed data for BSL was downloaded from the websites of various state and 
national agencies. Data for the JR and WR came from the USGS National Weather 
Information System Web Interface (USGS 2007). The JR USGS gauge is located about 
10 miles north of the bay on its western side, near State Highway 43 in Kiln, MS (Fig. 
2.2). Prior to Hurricane Katrina, the JR gauge measured additional parameters, but the 
current equipment only measures temperature, specific conductance, and gauge height. 
Gauge height was the only parameter from the JR USGS station used in this study. The 
WR gauge, which measures temperature, specific conductance, gauge height and 
discharge, is located about 10 miles north of the bay on its eastern side in Pass Christian, 
MS (Fig. 2.2). Gauge height and discharge were the parameters used in analyses in this 
study. Mean tidal level (MTL) data was downloaded from NOAA's Tides and Currents 
website (NOAA 2007). The tide gauge is moored to a pier at the Bay-Waveland Yacht 
Club, on the western shore of the bay near to the inlet (Fig. 2.2). 
Weather conditions were monitored by 12 stations within the BSL watershed (Fig. 
2.3). Data was downloaded from the National Climatic Data Center (NCDC) at NOAA's 
National Environmental Satellite, Data, and Information System (NCDC 2009). 
Precipitation data was downloaded from all 12 stations, but the only station to measure 
wind speed and direction was Gulfport-Biloxi Airport (GPT). 
Fig. 2.2. Locations of the USGS gauges on the JR and WR, and 
the NOAA tide gauge at Bay-Waveland Yacht Club (BWYC). 
For coordinates, refer to Appendix E. Image created with 
Google Earth. 
Fig. 2.3. Locations of the NCDC weather stations in the BSL 
watershed. For coordinates, refer to Appendix E. Image created 




Bacteria Enumeration by Epifluorescence Microscopy 
The following procedure has been slightly modified from a procedure described 
in Noble and Fuhrman (1998) and Chen et al. (2001). SYBR Gold nucleic acid stain was 
chosen over SYBR Green I because SYBR Gold had a stronger fluorescence signal, and 
thus would remain brighter for a longer period of time compared to SYBR Green I (Chen 
et al. 2001; Pluhar 2007). Epifluorescence microscopy has been a common method for 
direct counts of bacteria in the past 30 years, despite emerging molecular techniques that 
are more specific to species or morphology types (Hobbie et al. 1977; Cammen and 
Walker 1982; Cochlan et al. 1993; Crump et al. 1998; Jochem 2001; Carvalho et al. 2003; 
Auguet et al. 2005; Rowe 2008). The procedure used in this study did not distinguish 
morphologic types, which is rather difficult to determine with light microscopy 
(Zimmerman 1977), and so total cell counts included rods, cocci, and curved shapes, 
typical bacterial morphologies seen in estuarine systems (Jochem 2001 ). 
Filtration Technique 
The filtration apparatus (glass chimneys, bases, and filter flasks) were autoclaved 
prior to use in the laboratory. The glass chimneys and filter holder were acid-washed 
between samples to prevent contamination. All filtrations were done in triplicate to result 
in a total of six sub-samples (three filters each of free-living and attached bacteria) per 
station, per month. During filtration, vacuum was kept stable at low pressures ( < 100 
mmHg) to prevent cell breakage and penetration through the filter (Clarke and Joint 
1986; Jones et al. 1989; Kepner and Pratt 1994). In addition to existing as free-living or 
planktonic, bacterioplankton can be attached to sediment particles, organism surfaces, 
detritus, or other organic matter. To enumerate attached bacteria abundance, the 
following procedure was determined to be more accurate and less objective than the 
techniques used in other studies (Griffith et al. 1994; Crump et al. 1998; Revilla et al. 
2000). 
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In order to determine accurate numbers, each 25 mL sample was split into two 
separate subsamples. The first subsample described below is the free-living portion of 
total bacterial cells. The entire sample (25 mL) was first pre-filtered through a 3 µm 
Nuclepore polycarbonate membrane filter to remove larger debris and organisms. After 
the first 10 mL of sample were filtered, that filter was used for the attached bacteria 
sample (see procedure below, Iriberri et al. 1987). The remaining 15 mL of sample was 
filtered onto another 3 µm filter, thus filtering the entire 25 mL preserved sample. A 1 
mL aliquot of this filtrate was diluted with 10 mL of 0.02 µm (Anodise) vacuum-filtered 
and autoclaved Milli-Q (Millipore®) water (Herbert 1990; Kepner and Pratt 1994), 
defining the free-living bacteria in the sample. A 2 mL aliquot of diluted sample was 
filtered onto a 0.2 µm AhOJ Anodise 25 mm diameter Whatman® membrane filter, 
backed by a Whatman® 932-AH glass fiber filter (Hobbie et al. 1977; Iriberri et al. 1987; 
Noble and Fuhrman 1998) to retain the bacteria for microscopy. Anodise filters are 
preferred over Nuclepore filters due to their rigid, flat surface, allowing for optimal 
focusing under the microscope (Jones et al. 1989). Two mL was the suggested minimal 
volume for samples on a 25 mm filter (Kepner and Pratt 1994), and was selected due to 
the expected high concentration of bacteria cells (Rowe 2008). Using forceps, the filter 
was removed from the filter holder with the vacuum pump still on. The filter was 
allowed to completely dry on a Kimwipe® under a box lid to prevent dust and air 
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particles from settling on the filter. The remaining filtrate was retained in an acid-washed 
brown polyethylene bottle for subsequent replicate filtrations. 
The 3 µm Nuclepore filter from the pre-filtration step was placed in a phosphate 
buffer solution which separated the bacteria from organic matter and particulates (Gerba 
1983; Pluhar 2007). The phosphate buffer solution was made by mixing 50 mL of a 0.25 
M solution of potassium phosphate dibasic (K2HP04) and 50 mL of a 0.20 M solution of 
sodium phosphate monobasic (NaH2P04), then increasing the pH of the solution to 9.6 
using sodium hydroxide (NaOH) (Gerba 1983, Pluhar 2007). The buffer was placed in a 
flask capped with foil and autoclaved to maintain sterile conditions (Herbert 1990). This 
amount was sufficient for one month of samples, and was made fresh every month. A 2 
mL "blank" sample of the buffer solution was filtered and stained (see procedure below) 
to determine if there was any background contamination that may hinder the enumeration 
of only bacterial cells. After viewing multiple filters of the buffer solution during the 
first two months of the study, it was determined that there was no contamination from the 
buffer solution and thus no need to subtract background blanks from the final cell counts. 
The 3 µm filter from the pre-filtration step was placed into an acid-washed liquid 
scintillation (LS) vial with 10 mL of phosphate buffer for >30 minutes. The LS vial was 
shaken to detach bacteria from particles. This 10 mL phosphate buffered solution was 
filtered through a new 3 µm filter to remove the unwanted particles. The 10 mL buffered 
filtrate was placed into an acid-washed LS vial for temporary storage. A 2 mL sample of 
this re-filtered buffer solution, defined as the attached bacteria subsample, was filtered 
onto a 0.2 µm Anodise 25 mm diameter Whatman® membrane filter, with a backing 
filter (Whatman® 932-AH GFF) to retain the bacteria for microscopy. Filters were 
allowed to dry completely on a Kimwipe® under a box lid. 
Staining and Enumeration 
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The Anodise filters were stained with SYBR Gold nucleic acid stain (Invitrogen, 
Molecular Probes Inc.®, Oregon USA) and viewed with an Olympus® epiflourescence 
microscope model BH2-RFL/BHT under UV light. The stain must remain out of direct 
light at all times to prevent photodegradation, so all dilutions, staining, and enumerations 
were completed in a darkened laboratory. The Anodise filters were always kept under a 
box lid or in a Petri dish to prevent any dust particles from settling on them during 
staining and drying. A 1: 10 solution of SYBR Gold was made with 10 µL of the stock 
stain and 100 µL of 0.02 µm (Anodise) vacuum-filtered and autoclaved (sterile) Milli-Q 
(Herbert 1990), and from that a final 3% solution was made for staining. Other dilutions 
for the final concentration of SYBR Gold were tested and it was found that a 3% solution 
was remained bright enough during the course of the microscopy procedures. The 3% 
staining solution was stored in an acid-washed Teflon bottle. To stain the Anodise filters, 
a 100 µL drop of the 3% SYBR Gold solution was pipetted onto an acid-washed Petri 
dish, and the filters placed sample side up on top of the drop. The Petri dish was kept 
covered under the box lid for >30 minutes for the stain to react with the bacteria. After 
the staining period, the filter was removed from the stain and placed on a Kimwipe® for 
> 15 minutes to dry. 
Once completely dry, the filters were mounted on a microscope slide for viewing. 
Mounting solution (50% glycerol, 50% phosphate buffered saline (10 mM Na2HP04 and 
120 mM NaCl, increased to pH 7.5) and 0.1% solution ofp-phenylenediamine in Milli-
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Q) was used to prevent the stain from fading (Noble and Fuhrman 1998; Pluhar 2007; 
Rowe 2008). The filter was placed onto a glass microscope slide with a drop (about 30 
µL) of the antifade mounting solution and a glass cover slip. Slides were viewed under 
oil immersion (lOOOx) and UV fluorescence, making the bacteria glow a greenish-yellow 
color. Digital images of 10 random fields of view were captured with an Olympus® 
Monochrome Microfire digital camera connected to a laptop computer. An automated 
software program, CellC®, was used to process each image for cell counts (Selinummi et 
al. 2005). The program was calibrated for cell size using an image of the micrometer 
from the epifluorescence microscope. Bacterioplankton abundances (BA, in cells L-1) 
were calculated using Eq.1 (modified from Kepner and Pratt 1994): 
BA= TC·AF 




where TC is the total cell count summed over 10 fields of view per filter, AF is the area of 
the filter (2.1642 x 108 µm2) and took into account the inside diameter of the filtration 
chimneys (Zimmerman 1977), D is the dilution factor (ratio of 25 mL total sample 
volume including GT A to 22.5 mL field sample), A1 is the area of one image ( 6912 µm2), 
n is the number of images analyzed per filter, and Vis the sample volume (2 mL for 
attached bacteria, 0.2 mL for 1: 10 diluted free-living bacteria). 
Data Analysis 
All statistical analyses were completed using SPSS® 15.0 Statistical Software 
(SPSS Inc.®). Since the majority of variables were not distributed normally (p~0.05) 
based on the Kolmogorov-Smimov (KS) test, all spatial and temporal comparisons were 
completed using raw (untransformed) data with non-parametric statistical analyses. 
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Spatial and temporal variability was examined using the Kruskal-Wallis (KW) single 
factor analysis of variance by ranks for more than two groups of data (i.e., stations or 
months) or the Mann-Whitney (MW) test of variance by ranks for exactly two groups of 
data (i.e., seasons). Spearman's Rank correlation analysis was used to compare 
bacterioplankton abundances to the other abiotic and biotic variables measured in this 
study. Multivariate statistics such as Principal Components Analysis (PCA) and 
Hierarchical Cluster Analysis (HCA) were utilized to explain variances in 
bacterioplankton abundances and describe the relationships between variables in the BSL 
ecosystem. The general purpose of a PCA is to reduce the amount of data so that patterns 
could emerge that would explain how variables are related to each other. Each 
component is a percentage of the total variance explained by the PCA. The PCA was 
rotated using Varimax (variance maximizing) orthogonal rotation. This type of rotation 
provided the simplest solution that could be interpreted easily, but still highlighted the 
important relationships (Legendre and Legendre 1983). Complete linkage HCA was 
conducted on results from the PCA to group rows of data into clusters based on similarity 
(Legendre and Legendre 1983). 
To better explain spatial variability in BSL, the study area was divided into five 
separate areas based on hydrodynamic models of river outflows, bottom depths, and the 
ship channels, similar to Boyer et al. ( 1997) and Caccia and Boyer (2005). A nautical 
chart of the Bay of St. Louis (NOAA, Chart #11372) was overlain by a grid of squares 
measuring 0.6 cm x 0.6 cm (Fig. 2.4). First, the perimeter of the bay was determined by 
outlining grid squares along the coastline. Squares that contained land masses, either on 
the shoreline or within the bay as islands, were omitted. Second, areas were drawn based 
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on the river outflow patterns modeled in Eleuterius (1984) and Cobb and Blain (2002). 
Both of these papers defined the bay as a dynamic system in which the two rivers were 
the predominate forces behind water circulation. Patterns indicate that after small eddy 
mixing, river flows follow the shoreline as they exit the bay. On the western shore, the 
JR spreads northeast and then flows along the east side of the inlet. The WR does not 
reach far north due to the Grassy Point peninsula, so it instead travels south to mix with 
the outflow from BP before exiting the bay along the western shore. These river 
characteristics helped to define the boundaries for two of the five areas - the Western 
BSL and the Eastern BSL. The area in the Northern BSL was drawn to show that though 
it does receive freshwater from the JR, the majority of the outflow travels east and then 
south out of the bay. The middle of the bay (Mid BSL), which is not heavily influenced 
by either river, contains the bulk of the total area of the bay. Although the MS Sound is a 
very large body of water, the area was drawn as such to demonstrate that the MS Sound 
has a marginal influence on the bay during an outgoing tide. Station data was averaged 
for these five areas and used in statistical and anomaly analyses. 
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Fig. 2.4. Zonation of the Bay of St. Louis, MS (NOAA Nautical Chart #11372). Thick 
black line is perimeter of bay. Light blue lines are area boundaries. Highlighted 
numbered squares are station locations; however, these sites were not taken into account 
when boundaries were drawn. Total area used in calculations (sum of 5 areas) is 42.12 x 




In order to define the variability of environmental parameters in the bay, both 
spatial and temporal scales were considered. Twenty-four variables were measured or 
calculated to determine the relationships between the bay environmental parameters and 
bacterial abundances. Basic in situ parameters (salinity, water temperature, DO, 
turbidity) were measured directly in the field. Water samples for inorganic nutrients 
(NOx, NH4, P04, and Si03), TDN, and organics (DOC, chi.a, total CHOs, 
monosaccharides, and polysaccharides) were taken back to the lab for future analyses. 
Weather data (air temperature, rainfall, and wind speed) and hydrologic data (river gauge 
height, river discharge, and MTL) were collected from various local environmental 
agencies. Because the majority of the variables were not distributed normally, medians 
were calculated and reported, rather than averages (Table 3.1). Free-living bacterial 
abundances were more variable than attached bacteria, and also had a greater median 
value (18.42 x 108 cells L-1 compared to 2.66 x 108 cells L-1, Table 3.1). Both stations and 
distinguishing areas of the bay were compared for significant differences. On the 
temporal scale, individual months as well as seasons were considered. Temporal 
differences in variables were more prominent than spatial differences. The ecosystem of 
the bay is greatly influenced by the WR and JR, as described in the forthcoming results 
from statistical analyses. 
Spearman's rank, a bivariate correlation test, was run on 27 variables (Tables 3.2 
and 3.3) to determine significant correlations between variables. 
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Table 3.1. Median and range for entire dataset. For bacterial abundances, environmental 
parameters, inorganic nutrients, chi.a and organic matter, N=61, with the exception of 
turbidity (N=54). Data for weather and hydrologic data are for sample day only, and N=7 
since parameters were bay-wide. 
Parameter Unit Median Minimum Maximum 
:E Bacteria x 108 cells L-1 21.80 9.66 56.16 
Attached Bacteria X 108 cells C 1 2.66 0.92 13.20 
Free-Living Bacteria x 108 cells L-1 18.42 7.22 52.98 
Salinity unitless 14.67 4.59 38.17 
In situ Temp oc 26.23 19.16 33 .79 
Dissolved Oxygen mgL-1 4.43 2.67 8.03 
Turbidity NTU 5.5 0.0 34.6 
Ammonium (NH4) µM 0.275 0.089 4.137 
Nitrate + Nitrite (NOx) µM 0.092 0.036 2.513 
DIN µM 0.380 0.152 6.650 
Phosphate (P04) µM 0.389 0.150 1.848 
Silicate (Si03) µM 43.144 4.193 98.001 
DOC ppm 4.704 3.273 9.390 
TDN ppm 0.304 0.217 0.503 
Chi.a µmol C L-1 9.822 3.980 40.065 
Total CHOs ppm 76.046 45.657 203.732 
Monosaccharides µmol C L-1 45.204 22.840 144.486 
Polysaccharides µmol C L-1 29.829 12.506 59.426 
Air Temp oc 24.23 17.90 31.25 
Wind Speed m s-1 1.79 4.20 0.67 
Rainfall cm 0.36 0.00 2.33 
WR Gauge Height m 1.67 1.42 2.04 
WR Discharge m3 s-1 4.53 1.95 13.19 
JR Gauge Height m 0.28 0.15 0.48 
MTL m 0.091 -0.033 0.305 
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Of importance to note was that free-living bacteria and attached bacteria were not 
correlated with the same variables, except for a positive relationship with DOC and MTL, 
and inverse relationships with in situ temperature (p:S0.05, Table 3.2). Free-living 
bacteria correlated significantly (p:S0.01) with environmental parameters (salinity, in situ 
temperature, DO), chi.a, DOC, TDN, and wind speed (Tables 3.2 and 3.3). Air 
temperature (positive) and wind speed (negative) were both correlated significantly 
(p:S0.01) to total and free-living bacteria (Table 3.3). Attached bacteria were not 
correlated with the same variables, and had strong relationships (p:S0.01) with turbidity, 
nitrogen species, MTL, and sample-day precipitation (Tables 3.2 and 3.3). 
The KW test compares medians of 3 or more independent groups of 
nonparametric data to determine if temporal and spatial differences existed within the 
dataset. Only 8 variables (p:S0.05 for DIN and polysaccharides, p:S0.01 for attached 
bacteria, NH4, Si03, DOC, total CHOs, and monosaccharides) differed significantly 
between stations (Table 3.4). Almost all of the 24 variables measured varied 
significantly between sampling dates, except NOx and polysaccharides (Table 3.5). Most 
notably, attached bacteria were highly variable (p:S0.01) both spatially and over time. 
The KW test only proves that spatial and temporal differences exist for the 
variables presented; it does not tell which stations or months are most different from the 
others. In order to resolve this issue, individual MW tests were run between months. 
However, when running multiple MW tests on data that was not distributed normally, the 
p-value must be adjusted with a Bonferroni adjustment to prevent a Type-I error (Ki et al. 
2009; R. Fulford, personal communication). If the p-value is not adjusted, there is a good 
possibility of finding significant relationships when in fact, there are none. 
Table 3.2. Spearman's Rank Correlations, environmental and nutrient data. Values in bold represent highly significant correlations 
(N=61, p:S0.01). Values in standard type indicate significant correlations (p:S0.05). Dashed lines define a non-significant relationship. 
For turbidity, N=54. 
s T DO Turb NH4 NOx DIN P04 Si0 3 
L Bacteria 0.285 0.608 0.621 0.276 
Attached -0.261 0.380 0.438 0.384 
Free-Living 0.307 0.656 0.643 0.282 
Salinity 0.531 0.596 0.395 0.806 -0.537 
In situ T 0.685 0.3 12 -0.349 -0.373 0.334 
DO -0.381 -0.323 -0.434 0.504 
Turbidity 0.402 






Table 3.2 (continued). Spearman' s Rank Correlations, organics and hydrologic data. WR data was consistently negatively correlated 
with 6 of the variables measured. JR gauge height and MTL were positively correlated with 7 variables, and negatively correlated 
with Si03. 
Chl. a DOC TDN 
Total Mono Poly WR WR JR MTL 
CHOs Sacch Sacch Gauge Ht Discharge Gauge Ht 
L Bacteria 0.472 0.443 0.631 -0.260 0.313 
Attached 0.274 0.286 0.289 0.326 0.389 
Free-Living 0.436 0.416 0.614 
Salinity -0.482 -0.854 -0.860 -0.581 -0.759 -0.699 0.640 0.557 
In situ T 0.444 0.653 -0.513 -0.371 0.312 
DO 0.584 -0.336 -0.319 -0.298 -0.282 0.381 0.397 
Turbidity 0.319 0.308 -0.277 -0.289 -0.690 -0.647 0.479 0.483 
NH4 0.267 0.348 
NOx 
DIN 0.263 
P04 -0.417 -0.746 -0.761 -0.519 -0.586 -0.585 0.568 0.513 
Si03 0.402 0.739 0.439 0.718 0.787 0.451 -0.339 -0.275 
Chl. a 0.410 0.590 
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Table 3.3. Spearman's Rank Correlations, weather data. Values in bold represent highly 
significant correlations (N=61 , p:'.S0.01). Values in standard type indicate significant 
correlations (p:'.S0.05). Dashed lines define a non-significant relationship. Five Day Total 
Pptn is the accumulation of rainfall four days antecedent of and including sampling day. 
For turbidity, N=54. 
Air Wind Monthly Sample Five Day 
Teme Seeed Avg Rain Da~Petn Total Petn 
L Bacteria 0.523 -0.568 
Attached -0.499 
Free-Living 0.553 -0.581 0.276 
Salinity 0.736 -0.344 -0.455 -0.252 
In situ T 0.901 -0.443 
DO 0.642 -0.689 -0.265 
Turbidity 0.496 -0.269 
NH4 
NOx . 0.290 
DIN 
P04 0.534 -0.319 -0.492 -0.319 
Si03 0.260 0.260 
Chi. a 0.361 -0.312 
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Table 3 .4. KW analysis of spatial variability over entire dataset. N=61, df = 8. The KW 
statistic (H) with a significance listed (p~O.O 1 for values in bold, p~0.05 for values in 
standard type) indicates that there is a statistically significant difference for that 
parameter between stations. Dashed lines indicate no significant difference between 


















































Table 3.5. KW analysis of temporal variability over entire dataset. N=61, df = 6. The 
KW statistic (H) with a significance listed (p:S0.01 for values in bold, p:S0.05 for values 
in standard type) indicates that there is a statistically significant difference for that 
parameter between sampling dates. Dashed lines indicate no significant difference 
between dates. 
Parameter H Significance 
L Bacteria 31.955 0.000 
Attached Bacteria 20.984 0.002 
Free-Living Bacteria 34.304 0.000 
Salinity 45.285 0.000 
In situ T 56.229 0.000 
DO 48.051 0.000 
Turbidity 28.508 0.000 
NH4 14.428 0.025 
NOx 8.740 
DIN 15.453 0.017 
P04 34.772 0.000 
Si03 25.566 0.000 
DOC 17.833 0.007 
TDN 38.816 0.000 
Total CHOs 21.749 0.001 
Mono Sacch 23.757 0.001 
Poly Sacch 11.737 
Chi. a 29.341 0.000 
WR Gauge Ht 60.000 0.000 
WR Discharge 60.000 0.000 
JR Gauge Ht 60.000 0.000 
MTL 60.000 0.000 
Air Temp 60.000 0.000 
Wind Speed 60.000 0.000 
Monthly Avg Pptn 60.000 0.000 
Five Day Total Pptn 60.000 0.000 
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When the Bonferroni adjustment was applied to the spatial data, it was seen that stations 
7 and 8 were most different for four of 18 variables. For the temporal data, the majority 
of the 24 variables for each month-by-month comparison were different significantly 
(adjusted p~0.002). 
Multivariate Analyses 
To better explain the relationships between variables, a PCA was completed. The 
PCA used the 18 variables in the dataset; those variables that had very high Spearman r 
values or were considered "repetitive" were omitted from the analysis to prevent 
collinearity problems and to simplify the results (Apple et al. 2008). A summary of the 
PCA is shown in Table 3.6. The PCl can be categorized as fluvial inputs, PC2 as 
variables associated with free-living bacteria abundances, and PC3 as variables 
associated with attached bacteria. 
Table 3.6. Results from PCA of total dataset (18 variables). 68.36% of the total variance 
was explained by the first three principal components. Variables omitted from PCA, due 
to their high correlations with other variables: total bacteria abundances, DIN, TDN, total 
CHOs, air temperature, WR and JR gauge heights, and monthly average precipitation. 










Monosaccharides, DOC, Polysaccharides, 
NH4, NOx, Si03, WR Discharge, Salinity*, 
5d Total Pptn, Chi. a 
In Situ Temp, DO, Free-Living Bacteria, 
Wind Speed*, P04 
Turbidity, MTL, Attached Bacteria 
* Salinity and Wind Speed were negatively correlated with PCl and PC2, respectively. 
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To group the months into seasons, an HCA using complete linkage (Legendre and 
Legendre 1983) was completed (Fig. 3.1) using the top three loadings from the first 3 
components of another PCA, which was based on monthly averages (Table 3.7). The 
results from the monthly averages PCA was nearly identical to the total dataset PCA. 
Therefore, to account for spatial differences, results from the PCA based on monthly 
averages were used for the seasonal HCA. Completing both of these statistical analyses 
strengthens the conclusions made from the results (Legendre and Legendre 1983; Vega et 
al. 1998). Based on this test, two seasons emerged: spring, which included March 
through June; and summer, which included July, August, and September. An MW test 
was run to compare the medians of two independent groups to determine which 
parameters varied between seasons (Table 3.8). As expected, most of the environmental, 
weather, and hydrologic data varied significantly between seasons (p:::;0.05), due to 
seasonal changes in temperature and precipitation patterns. Total and free-living 
bacteria, chi.a, and P04 also were different significantly (p:::;0.01) between seasons. 
Free-living and attached bacteria were not correlated with each other, nor were 
they correlated with the same variables other than DOC and temperature (Table 3.2). To 
further examine this idea, multiple linear regressions (MLRs) were conducted for each 
type of bacteria, including total abundances (Table 3.9). The MLRs indicated that free-
living bacteria and attached bacteria were indeed influenced by different variables. 
Salinity covaried with many factors based on the Spearman's Rank test (Table 3.2), and 
so was removed to see what effect, if any, that would have on explaining bacterial 
abundances (Bouvier and del Giorgio 2002). Total abundances and free-living bacteria 
were not affected by salinity and so their equations remained unchanged. 
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Table 3.7. Results from PCA of monthly averages (18 variables). 88.4% of the total 
variance was explained by the first three principal components. Variables omitted from 
PCA, due to their high correlations with other variables: total bacteria abundances, DIN, 
TDN, total CHOs, air temperature, WR and JR gauge heights, and monthly average 
precipitation. Refer to Appendix C for PCA output. 







NOx, DOC, WR Discharge, 5d Total Pptn, 
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DO, Free-Living Bacteria, In Situ Temp, P04, 
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Attached Bacteria, MTL, Turbidity, Si03* 




















p < 0.05 
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I 
Fig. 3.1. Dendrogram showing seasonal separation of sampling dates from a Hierarchical 
Cluster Analysis (HCA). Squared Euclidean distance was used to compute complete 
linkage. Data from top three loadings of the first three components from the PCA based 
on monthly averages (N=7, Table 3.7, Appendix C): PCl: NOx, DOC, WR Discharge; 
PC2: DO, Free-Living Bacteria, In Situ T; PC3: Attached Bacteria, MTL, Turbidity. 
Blue vertical line indicates a significant difference between clusters for p:S0.05. 
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Table 3.8. MW test for differences between seasons. N=61. The MW statistic (U) with a 
significance listed (p:S0.01 for values in bold, p:S0.05 for values in standard type) 
indicates that there is a statistically significant difference for that parameter between 
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Table 3.9. Multiple Linear Regressions using the stepwise method for total, free-living, and attached bacteria. Variables omitted from 
all MLRs, due to their high correlations with other variables: DIN, TDN, total CHOs, air temperature, WR and JR gauge heights, and 
monthly average precipitation. The adjusted R2 value takes into account the number of variables (N=54), and thus degrees of 
freedom, in the regression analysis, as well as the possibility that the variance is due to chance. The second equation for Attached 
Bacteria was the result when Salinity was removed from the analysis. Removing Salinity from the analyses had no effect on Total and 
Free-living bacteria, so equations for those were unchanged. 
Equation R Adjusted R2 Significance of Predictors 
Total Bacteria= (0.715 * In Situ T) + (2.418 *DOC)+ 0.71 7 0.486 PS0.05 for In Situ T and DO, 
(2.042 * DO) - 16.195 pS0.01 for DOC 
Free-Living= ( 1.085 * In Situ T) - (2.197 * Wind Speed) 0.517 0.488 PS0.05 for Wind Speed and Si03, 
+ (0.095 * Si03) - 7.905 pS0.01 for In Situ T 
Attached = (0.269 * Turbidity) - (0.115 * Salinity) + 0.591 0.566 PS0.01 for all 3 variables 
(4.517 * MTL) + 2.861 
Attached = (0.292 * Turbidity) - (0.185 * In Situ T) + 0.832 0.660 PS0.01 for all 5 variables 
(4.762 * MTL) + (0.740 * DOC)- (1.648 * NOx) + 2.379 
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On the other hand, attached bacteria were influenced negatively by salinity in the first 
equation. When salinity was removed from the MLR, more prominent forcing variables 
emerged such as temperature and nutrients, thus providing a better means of explaining 
attached bacteria abundance (note the increase in Rand adjusted R2 values in Table 3.9). 
Zonation ofBSL 
Based on the KW test for spatial differences, it was found that looking at a 
station-by-station comparison was not adequate for highlighting the differences that can 
be seen in the bay. To further investigate spatial variability, BSL can be zoned in two 
different ways. First, the bay was divided into areas (Area approach) based on 
hydrodynamic models (Eleuterius 1971; Cobb and Blain 2002), bottom depths, tidal 
regime, and the main ship channel (Fig. 2.4; Refer to Methods Chapter for an explanation 
on how the areas were drawn). The KW tests were run again on the area data for spatial 
and temporal differences. Variables that were different significantly between stations 
were also different significantly between areas, with the exception of TDN (Table 3 .10). 
When a larger area was considered, rather than a single point (station), many variables 
became non-significant, when they originally differed significantly (p:S0.05) between 
stations (Tables 3.4 and 3.10). Ammonium, DIN, Si03, DOC, total CHOs, 
monosaccharides, and polysaccharides did not differ significantly over time (Table 3.11). 
The second approach (Shoreline) used to elucidate spatial differences was based 
on results from spatial analyses. Although the KW results showed little spatial variability 
among stations for the majority of the variables (Table 3.4), PCA and HCA were run on 
the data to highlight notable groups or relationships. First, a PCA was completed using 
station averages per month (Table 3.12). 
43 
Table 3.10. KW test for spatial differences between areas (df= 4). The KW statistic (H) 
with a significance listed (pS0.01 for values in bold, p:S0.05 for values in standard type) 
indicates that there is a statistically significant difference for that parameter between 
areas. Dashed lines indicate that there was no significant difference. N=33 for all 
parameters except turbidity, N=29. Weather and hydrologic data was not included 


















































Table 3.11. KW test for temporal differences between areas ( df = 6). The KW statistic 
(ff) with a significance listed (p:S0.01 for values in bold, p:S0.05 for values in standard 
type) indicates that there is a statistically significant difference for that parameter 
between areas. Dashed lines indicate that there was no significant difference. N=33 for 
all parameters except turbidity, N=29. Weather and hydrologic data are not included 



















































Of interest to note is that attached bacteria and salinity were grouped together in the same 
component (PCl). These two variables were not correlated in the total dataset; however, 
when ignoring seasonal changes and averaging the station data, salinity and attached 
bacteria were correlated negatively (r = -0.731, p:50.05). This was seen on the PCA as 
well; salinity was correlated negatively with PC 1, and the other variables found on PC 1 
were correlated positively (Table 3 .12). The results from the monthly averages PCA 
were nearly identical to the total dataset PCA. Therefore, to account for temporal 
differences, results from the PCA based on station averages were used for the spatial 
HCA (Fig. 3.2). It showed that at a significance level of p:50.05, two groups emerged: 
stations 1-5 and stations 6-9. The "inner bay" stations ( 1-5) were located closest to the 
eastern, northern, and western coastlines ofBSL. The "outer bay" stations (6-9) were in 
the middle ofBSL and in the MS Sound. An MW test was run to determine significant 
differences in 18 variables between these two groupings of stations (Table 3.13). In situ 
T, DO, and turbidity showed no difference, which mirrored results from previous spatial 
analyses in this study (Tables 3.4 and 3.10). However, salinity was different significantly 
between the two groups, which was to be expected considering that three of the five inner 
bay stations were located near the mouths of freshwater inputs, and the MS Sound station 
consistently had the highest salinity measurements. The results of the MW test suggested 
that total bacterial abundance (p:S0.05), P04 (p:SO.O 1 ), and salinity (p:SO.O 1) were 
different significantly between inner bay and outer bay stations, whereas in the Area 
approach, these variables were not different. A similar comparison was made, based on 
MW tests by seasons (Tables 3.14 and 3.15). In the Area approach, NOx was different 
significantly (p:S0.05), and P04 and DOC were not different. 
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Table 3.12. Results from PCA of station averages (14 variables). 87.32% of the total 
variance was explained by the first three principal components. Variables omitted from 
PCA, due to their high correlations with other variables: total bacteria abundances, DIN, 
TDN, total CHOs. Weather and hydrological data were not included since they are bay-
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Fig. 3 .2. Dendrogram showing spatial separation of stations from a Hierarchical Cluster 
Analysis (HCA) on spatial data. Squared Euclidean distance was used to compute 
complete linkage. Data from top three loadings of the first three components from the 
PCA based on station averages (N=9, Table 3.12, Appendix C): PCI: Mono Sacch, 
DOC, Si03 ; PC2: P04, Chi.a, Free-Living Bacteria; PC3: NH4, In Situ T. Blue vertical 
line indicates a significant difference between clusters for p:S0.05. 
Table 3 .13. MW test for spatial differences between inner bay and outer bay stations 
(N=61). The MW statistic (U) with a significance listed (p:S0.01 for values in bold, 
p::;0.05 for values in standard type) indicates that there is a statistically significant 
difference for that parameter between the two groups of stations. Dashed lines indicate 
no significant difference. For Turbidity, N=54. Weather and hydrologic data were not 






















































In the Shoreline approach, NOx became non-significant and P04 and DOC were different 
significantly (p~0.05). Also of interest were the slight seasonal changes in significance 
between shorelines. At the inner bay stations, salinity was not different significantly 
between seasons yet P04 was (p~0.05). The reverse relationship was true for the outer 
bay stations. Other variables affected were air temperature, DOC, and chi.a, which 
remain significant, but had increased p-values (from p~0.01 to p~0.05). 
Upon closer examination of the results of the KW and MW analyses (Tables 3.4, 
3.10, and 3.13), the same 8 variables differed significantly (p~0.05), regardless of spatial 
boundaries: attached bacteria abundances, NH4, DIN, Si03, DOC, total CHOs, 
monosaccharides, and polysaccharides. These variables were determined to be important 
in explaining ecosystem variability in BSL based on various PCAs (Tables 3.6, 3.7, and 
3.12), with the exception of DIN and total CHOs, which were not included in the PCA. 
By gradually decreasing the spatial resolution from single points (stations), to five areas, 
and then to two shorelines, more variables become different significantly. In addition to 
the eight variables previously mentioned, TDN differed significantly in both the area and 
shoreline analyses (Tables 3.10 and 3.13), and total bacteria and P04 differed 
significantly in only the shoreline analysis (Table 3.13). Since these variables were 
established as important parameters over a spatial scale, bay-wide anomalies were 
calculated (Appendix D) to discern patterns by subtracting the bay-wide average from 
each sampling day value ( or average of values, in the case of Shoreline and Zone 
approaches). Positive and negative sampling day anomalies were added separately and 
compared to determine if the parameter was more positive or negative in nature, i.e., if 
the parameter was consistently higher than the bay-wide average (positive), lower than 
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the bay-wide average (negative), or had nearly the same value (neutral). Stations that 
were closer to freshwater inputs were mostly positive, and stations further into the middle 
of the bay and the MS Sound were mostly negative (Table 3.16). Phosphate and salinity 
were the exceptions, as outer bay stations had a higher concentration than the bay-wide 
average, indicating that the MS Sound was a possible P04 source during the study period. 
Nitrogen species in the West BSL area and stations I and 4 were higher than the bay-
wide average, suggesting that the WR and JR can be sources or transport mechanisms for 
nitrogen into BSL. 
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Table 3.14. MW test for seasonal differences among inner bay stations (N=35). The 
MW statistic (U) with a significance listed (p:S0.01 for values in bold, p:'.S0.05 for values 
in standard type) indicates that there is a statistically significant difference for that 
parameter between spring and summer. Dashed lines indicate no significant difference. 
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Table 3.15. MW test for seasonal differences among outer bay stations (N=26). The 
MW statistic CU) with a significance listed (p:'.S0.01 for values in bold, p:'.S0.05 for values 
in standard type) indicates that there is a statistically significant difference for that 
parameter between spring and summer. Dashed lines indicate no significant difference. 
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Table 3.16. Summary of anomalies of parameters that were significantly different in KW and MW analyses for all three 
spatial boundaries. Red cross(+) is a positive anomaly, black dash(-) is a negative anomaly, and "O" indicates that the 
anomaly was either neutral or near neutral. Note the clear shift from areas heavily influenced by freshwater inputs compared 
to those more influenced by seawater from the MS Sound. Refer to Appendix D for anomaly values. 
PARAMETER SHORELINE AREA STATION 
inner bay outer bay West North East Mid MS Sound 1 2 3 4 5 6 7 8 9 
Attached Bacteria + - + + + - - + - + + + - - - -
NH4 + - + - 0 - 0 + - - + - - - - 0 
DIN + - + - 0 - 0 + - - + - - - - 0 
Si03 + - + + + - - + + + + + - - - -
DOC + - + + + - - + + + + + - - - -
Total CHOs + - + + + - - + + + + + - - - -
Mono Sacch + - + + + - - + + + + + - - - -
Poly Sacch + - + + 0 - - + + + - + - - - -
TDN + - + 0 + - -
I:. Bacteria + -
Salinity - + 





Over the seven-month study period, the majority (>75%) of the total abundance 
consisted of free-living bacteria. Free-living bacterial abundance increased gradually 
from March through September, with the highest values recorded in August and 
September (Fig. 3.3). Cell counts for total and free-living bacteria were lowest in March 
and highest in August. Attached bacteria showed an increase through May, a drop-off in 
June, and then a steady increase to September (Fig. 3.4). The bay-wide minimum for 
attached bacteria occurred in June, and a maximum was reached in September. August 
had the greatest abundance over the study area, as well as the highest monthly median per 
station. 
Free-living bacteria were >80% of the total abundance over the sampling domain. 
At station 5, the mouth of BP, the highest median total abundance (31.71 x 108 cells L-1, 
range 9.66-56.16 x 108 cells L-1) was recorded. Some of the greatest concentrations of 
attached bacteria over the study period were recorded at BP (station 5, Fig. 3.4). This 
station also had the median maxima of free-living (26.88 x 108 cells L-1, range 7.22-
52.98 x 108 cells L-1) and attached bacteria (4.07 x 108 cells C 1, range 0.92-13.20 x 108 
cells L-1). The WR (station 4) had the highest attached bacteria cell count overall at 
13.20 x 108 cells L-1 in September. However, the highest total abundance (56.16 x 108 
cells L-1) was recorded at the mouth of the JR (station 1) in September. The lowest 
median total abundance (17 .57 x 108 cells L-1) and free-living counts (15.20 x 108 cells L-
1) were recorded at station 7. The lowest median attached bacterial abundance ( 1.48 x 
108 cells L-1) was seen at station 9. 
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Fig. 3.3. Time series of free-living bacterial abundances, in 10 cells L- , by station. 
Purple line represents median values at each sampling date. Abundances gradually 
increase through the spring and reach a maximum in the summer. 
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Fig. 3.4. Time series of attached bacterial abundances, in 10 cells L- , by station. Purple 
line represents median values at each sampling date. 
Station 1, JR Station 5, BP Station 7, Mid BSL 
Fig. 3.5. Representative images from epifluorescence microscopy under lOOOx magnification. Bacterial cells were stained with 
SYBR Gold DNA stain which fluoresces yellow-green under UV light. All images were produced from samples taken on April 18, 
2007. Images in the first row are attached bacteria samples, bottom row are free-living samples. Images in the first column are from 
station 1, second column are from station 5, and third column are from station 7. 
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The images shown in Fig. 3.5 illustrate a general spatial distribution of attached and free-
living bacterial abundances for stations l, 5, and 7 from the April sampling date. 
In Situ Environmental Parameters 
In situ temperature followed typical seasonal patterns that reflected changes in 
seasonal weather (Fig. 3.6). There was no difference in the sampling day water 
temperature between stations (p:'.S0.05, Table 3.4). Salinity increased seaward from the 
river mouths into the middle of the bay and towards the MS Sound (Fig. 3.7). Lowest 
salinities were recorded in July, most likely due to the high discharge rate of the WR for 
that sample day (Fig. 3.16). Dissolved oxygen decreased with depth, but values just 
above the bottom sediment remained well above 2 mg L-1 at all stations for all sampling 
dates (Fig. 3.8), an indication that the bay is well-mixed and oxygenated. August and 
September had higher DO concentrations, which may have been due to the change in 
instrumentation. For the first 5 months of sampling, the YSI-6000 was deployed for in 
situ measurements. A new environmental multi-parameter instrument, the In Situ® Troll 
9500, was used during August and September. The Troll 9500 measures DO optically, 
which is considered to be more accurate than the traditional calibration by barometric 
(air) pressure (YSI's procedure). However, based on past DO measurements in BSL 
(Pluhar 2007; Rowe 2008), the values from March through July may not be accurate, and 
the YSI may have recorded faulty data. Also, water temperature change seen in the 
seasonal shift, in addition to water column mixing, can have an effect on DO 
measurements. Turbidity did not show a seasonal trend (p:'.S0.05, Table 3.8). Upon visual 
inspection of the water clarity, turbidity tended to be higher at stations that were 
shallower in depth. 
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Fig. 3.6. Seasonal trend of in situ surface water temperature, in degrees Celsius. Purple 
line represents median values at each sampling date. 
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Fig. 3.7. Surface salinity measurements, unitless. Purple line represents median values at 
each sampling date. July had the lowest overall salinities for all stations, which reflected 
the high discharge from the WR on that sampling day. Salinity for station 9 was 
unusually high at 38, which was most likely due to an equipment error. 
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Fig. 3.8. DO concentrations, in milligrams L- . Purple line represents median values at 
each sampling date. The YSI-6000 was used from March through July. The In Situ® 
Troll 9500 was used in August and September. 
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Fig. 3.9. Turbidity measurements, in NTUs. Purple line represents median values at 
each sampling date. There are no turbidity measurements for June other than stations 8 
and 9 because of equipment failure. 
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For example, a typically shallow station (:SI m) at the mouth of the WR (station 4) had an 
average turbidity within the water column of 37 NTU in September (Fig. 3.9). It was 
also noted that on windier sample days, the surface water appeared more turbid than on 
days that were calm, regardless of station depth. 
Biological and Chemical Measurements 
Defined as nitrate + nitrite, NOx remained below 0.5 µM throughout the study 
period (Fig. 3.10). However, there were two distinct spikes in NOx (Fig. 3.10) and NH,i 
(Fig. 3.11) in July at stations 1 (2.51 µM NOx and 4.14 µM NH4) and at station 4 (0.95 
µM NOx and 2.07 µM NH4). These stations are at the mouths of the JR and WR, 
respectively. Ammonium accounted for the majority of DIN. The NOx did not vary 
between stations or sampling days (p:S0.05), but both NH4 and DIN differed significantly 
across stations and sampling days (p:S0.05; Tables 3.4 and 3.5). 
Silicate had a very large range of values, from 4.19 µM to 98.00 µM (Fig. 3.12), 
with an overall median of 43.14 µM. The Si03 was lower in the spring and increased 
into the summer months. A KW test showed that there was a significant difference 
(p:S0.01) between stations (Table 3.4) and between sampling days (Table 3.5) for Si03. 
Phosphate concentrations were at or below 0.51 µM for the first 5 months of the 
study (Fig. 3.13). However, the median value jumped from spring into summer (purple 
line in Fig. 3.13); median value for March through July was 0.29 µM (range 0.15 - 0.51 
µM), which increased to 0.78 µM during August and September (range 0.33 - 1.85 µM). 
This change can mainly be attributed to BP (station 5); P04 was 1.74 µMand 1.85 µMin 
August and September, respectively (Fig. 3 .13 ). This increase in concentration was 
different significantly between sampling dates (p:S0.01 , Table 3.5). 
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Fig. 3. 10. NOx concentrations, µM . Note the high NOx for July at stations 1 and 4. 
Purple line represents median values at each sampling date. The overall median value for 
NOx was 0.09 µM, with a range of 0.04 to 2.5 1 µM. 
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Fig. 3.11. NH4 concentrations, µM. Note the high NH4 concentrations for station 1 
during March, May, and July, as well as a high value for station 4 in July. Purple line 
represents median values at each sampling date. The overall median value for NH4 was 
0.28 µM, with a range of 0.09 to 4.14 µM. 
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Fig. 3.12. Si03 concentrations, µM. Purple line represents median values at each 
sampling date. Values between stations were highly variable (p:S0.01). 
2.0 
1.8 • 1 • 2 ::t::: 
.& 3 X 4 
1.6 )K 5 • 6 
+ 7 - 8 ~ 1.4 9 -+-Median ::1. 
~ 
= 1.2 0 
.... 
... 
C: 1.0 .. 
• ... 
= ~ 0.8 u 





1-Mar 5-Apr 10-May 14-Jun 19-Jul 23-Aug 27-Sep 
Fig. 3.13. P04 concentrations, µM. Purple line represents median values at each 
sampling date. Note the overall higher P04 in the late summer months compared to the 
first five sampling dates, especially evident at station 5. 
There also appeared to be a source of P04 in the MS Sound, because P04 concentration 
increased as salinity increased (r = 0.806; Table 3.2). 
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For the majority of the study period, the JR (station 1) and BP (station 5) had the 
highest chi.a concentrations. With the exception of a high value ( 40.07 µg L-1) for 
station 5 in July, chi.a ranged between 3.98 µg L-1 and 20.91 µg L-1• Chlorophyll a was 
higher in the summer months (July and August) and lower in the spring (March and 
April) (Fig. 3.14). The chi.a differed significantly between sampling dates (p:S0.01, 
Table 3.5). 
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Fig. 3.14. Chlorophyll a concentrations, µg L-1• The highest chi.a was recorded in the 
month of July, which coincides with high discharge from the WR. Effluents from the WR 




The JR, which feeds into the Bay of St Louis on its western shore, is the smaller 
of the two freshwater inputs with a drainage area of210 mi2. The USGS JR gauge 
recorded a daily mean gauge height of 0.27 m (range -0.38 - 0.60 m) that increased 
gradually over seven months (Fig. 3 .15). Discharge was not recorded at this gauge. 
MTL from the NOAA tide gauge increased gradually over the study period (Fig. 3 .15). 
On the bay's eastern shore, the WR has on average ten times higher gauge heights than 
the JR. Average daily mean gauge height over the entire seven-month study period for 
the WR (Fig. 3.16) was 1.62 m (range 1.39-2.25 m). Of note is the month of July, 
specifically the three days prior to the July sampling date. The median discharge over 
seven months ·was 4.45 m3 s-1 (range 1.30-19.16 m3s-1), with the highest daily discharge 
values recorded during March, April, and July (Fig. 3.16, Appendix A). 
The WR was correlated negatively to all 4 environmental parameters (salinity, 
temperature, DO, turbidity) and P04, while the JR was correlated positively to the same 
five variables (Table 3.2). Attached bacteria were correlated positively to the JR gauge 
height and MTL only, and free-living bacteria were not correlated to any river 
measurements (Table 3.2). 
Weather Data 
Rainfall data from the NOAA NCDC was averaged over the entire watershed for 
the bay (Fig. 3 .17). The daily mean was 0.36 ± 0.63 cm for the seven month study 
period. The most precipitation on a five day running total (four days prior to and 
including sample day) was in July at 6.36 cm (Appendix A). 
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--GaugeHt - MTL + SampleDay 
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0.800 -1-----L..-----'------'------"------'---~---
Fig. 3.15. JR gauge height (blue) and MTL (red), in meters. Sampling dates are marked 
as black diamonds on the MTL data. Gauge height data from USGS (2007) and MTL 
data from NOAA (2007). 
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Fig. 3.16. WR gauge height (blue, in m) and discharge (red, in m3 s-1). Sampling dates 
are marked as black diamonds on the discharge data. Data from USGS (2007). 
However, when looking only at sample day, the greatest rainfall (2.33 cm) occurred 
during June 201h (Fig. 3.17, Appendix A). 
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Spearman Rank correlations were calculated by comparing sampling day data to 
up to 4 days prior to sampling to determine ifthere was a lag time between rainfall and 
river data (Table 3.17). The JR and MTL had either a negative correlation or no response 
to rainfall in the days prior to sampling, but the WR data showed that rainfall correlated 
with discharge in the days prior to and including sampling day. Based on this data, there 
was no lag time between precipitation and a hydrologic response. It was determined that 
5 day total rainfall was most effective in describing weather effects on BSL, and 
therefore was used in subsequent multivariate statistical analyses. 
Wind speed data was also taken from the NCDC. The Gulfport-Biloxi Airport is 
the only station within the BSL watershed that measures wind speed. The daily mean 
was 1.98 ± 1.41 m s-1 for the seven month study period. On average, daily wind speeds 
in the spring (2.45 ± 1.56 m s-1) were -1.8 times more than during the summer (1.37 ± 
0.87 m s-1). Specifically, for sample days March 2151 and May 151\ wind speeds were 
4.16 m s-1 and 3.67 m s-1 respectively (Fig. 3.18). During these dates, station 9 (MS 
Sound) was omitted from field work due to unsafe sampling conditions. Wind direction 
had no discernible pattern, as it was different for every sample day (Appendix A). 
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Fig. 3.17. Daily rainfall, in cm, averaged oyer entire watershed (12 stations). Sampling 
dates are marked as black diamonds. Compiled data from NCDC (2009). 
Table 3.17. Spearman 's Rank correlations for rainfall, WR discharge and gauge height, 
JR gauge height, and MTL (N=61). River data is from sampling day. Values in bold 
represent highly significant correlations (p~0.01). Values in standard type indicate 
significant correlations (p~0.05). Dashed lines define a non-significant relationship. The 
western side of the bay, where the USGS and tidal gauges are located, was negatively 
affected by rainfall. Rainfall three days prior to sample day had no effect on sample day 
river data. 
Rainfall, days prior WR Gauge Height WR Discharge JR Gauge Height MTL 
4 0.3 16 0.457 -0.493 -0.294 
3 --- --- --- ---
2 0.333 0.501 --- ---
1 0.287 0.426 --- ---
Sample Day 0.275 0.593 -0.778 -0.859 





In a complex aquatic ecosystem such as the Bay of St. Louis, one measurement 
alone, or even a small selection of measurements, cannot explain the variability of water 
quality. As previously described, 26 variables were considered for this project. Though 
bacterial abundances were the primary focus of the study, that factor alone should not be 
the sole definition of water quality. It has become clear in the recent decade that single-
factor analysis in ecology is not an appropriate means of research (Hart et al. 1999). The 
primary purpose of this study was to describe spatial and temporal changes in water 
quality using bacterioplankton abundances as a proxy to explain how bacteria can interact 
with physical, ·chemical, and biological parameters, and thus affect water quality in BSL 
and the overall health of the ecosystem. Free-living bacterial abundances were not 
different between stations or zones, but varied over monthly and seasonal scales. 
Attached bacteria varied both spatially and temporally, and hence may be more useful in 
determining water quality. Free-living bacterioplankton were correlated significantly 
with salinity, in situ temperature, DO, chi.a, Si03, DOC and TDN. Attached bacteria 
correlated significantly with in situ temperature, turbidity, NH4, DIN, DOC, total CHOs, 
polysaccharides, and MTL. Phosphate and NOx were not correlated significantly with 
either type of bacteria, but these inorganic nutrients are important to primary production 
and thus overall ecosystem health. Even though WR discharge was not correlated 
significantly with either type of bacteria, river flow is an important physical forcing 
variable that has the ability to affect bacterioplankton abundances in BSL. 
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Over the course of this study, total bacterial cell counts were in the range of 9.66 -
56.16 x 108 cells L-1, in agreement with findings from previous studies in estuarine 
systems (Table 4.1 ). Many of those studies were completed in estuaries structured 
similarly to BSL: micro- or mesotidal, well-mixed vertically, freshwater input from 
river(s), and with salinities driven by tidal flushing. Based on individual samples 
(N=61), more than 50% of the total bacterial abundances consisted of free-living bacteria, 
which was in accord with previous studies (Zimmerman 1977; Iriberri et al. 1987; 
Painchaud and Therriault 1989; Kirchman 1993; Griffith et al. 1994; Crump et al. 1998; 
Grossart et al. 2004; Luef et al. 2007). At no time during this study did attached bacteria 
outnumber free-living bacteria; only Revilla et al. (2000) found that in the upper reaches 
(fresher water) of a Spanish estuary, attached bacteria counts were sometimes greater 
than free-living bacteria. Crump et al. (1998) suggested that attached bacteria were more 
susceptible to grazing because they are attached to organic matter or detritus, thus making 
the organic matter a higher quality of food than bacteria alone. 
Evaluation of Hypotheses 
Spatial Variability 
It was hypothesized that bacterial abundances, along with environmental 
parameters and inorganic nutrients, would vary depending upon site location. However, 
based on the results from the KW analysis of spatial variability, many variables did not 
differ significantly between stations (Table 3.4). Free-living bacteria did not differ 
between stations, but attached bacteria were different significantly, regardless of spatial 
demarcation. 
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Table 4.1. Bacterial abundances in various estuaries. For a single range, authors either 
gave no indication of type of bacteria, or value is total abundance. Abbreviations: Free-
living (planktonic) bacteria (FL), attached (particle-bound) bacteria (Att). 
Location Range {108 cells L-12 Source 
Bay of Fundy, Canada 2-40 (FL), Cammen and Walker (1982) 0-20 (Att) 
St. Lawrence Estuary, Canada < 1.0-20 (FL), Painchaud and Therriault (1989) 0.5-10 (Att) 
Louisiana Shelf 6.0-9.8 Chin-Leo and Benner (1992) 
Chesapeake Bay, MD 21-171 (FL) Shiah and Ducklow (1994) 
MS/ Atchafalaya River plumes 3.8-116.8 Amon and Benner (1998) 
Columbia River estuary, WA 6.1-24.2 (FL), Crump et al. (1998) 0.026-51 (Att) 
Urdaib_ai Estuary, Spain <10-60 Revilla et al. (2000) 
York River estuary, VA 4.4-1300 Schultz et al. (2003) 
Charente Estuary, France 12-107 (FL) Auguet et al. (2005) 
Bay of St. Louis, MS 12.2-231.4 (FL) Rowe (2008) 
Bay of St. Louis, MS 7.2-53.0 (FL), This study 0.9-13.2 {Att} 
Data from Revilla et al. (2000) described a horizontal gradient in the abundance of 
attached bacteria in the Urdaibai Estuary in Spain; attached bacteria increased from - 10% 
of the total bacterial abundance at the mouth of the estuary to - 45% in the upper reaches 
nearest the freshwater source. A similar pattern of attached bacteria was seen in this 
study, with an average of 8.7% of the total abundance at station 9, increasing to 16.4% at 
the three freshwater input areas (stations 1, 4, and 5). Although similar in depth, the BSL 
is a wider estuary compared to the Urdaibai Estuary, allowing for more mixing, which is 
probably why the increase in attached bacteria was not as marked as in the BSL. Griffith 
et al. (1994) also saw a similar gradient, with attached bacteria most abundant in the 
upper area of the Chesapeake Bay. Auguet et al. (2005) found that free-living bacteria 
differed significantly (p:S0.05) between stations in the Charente Estuary in France, with 
fewer attached bacteria at the mouth of the estuary compared to abundances at the head 
of the estuary. 
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Although salinity did not vary spatially over the course of the study (Table 3.4), it 
was still important to consider the gradient from freshwater and seawater end members in 
the BSL. Many studies have already shown that salinity was correlated negatively with 
bacterial abundances (Painchaud et al. 1996; Amon and Benner 1998; Bordalo and Vieira 
2005). However, in this study it was found that free-living bacteria were correlated 
positively with salinity below 25, in agreement with data from Revilla et al. (2000), 
Schultz et al. (2003), and Bordalo and Vieira (2005). Though the bay is a well-mixed 
shallow estuary, salinity was still expected to differ significantly between stations, 
especially between the river mouths and the MS Sound. One possible reason for the 
homogeneity of the water column and surface water was the sampling time frame; 
stations were sampled on high tide, after the transition to an outgoing tide. Though 
station 1 was the last to be sampled in every month, there was still enough water from the 
MS Sound in the area to have an effect on salinity near the JR mouth. In wider estuaries 
such as BSL, it is possible that the water flow does not complete a full cycle before the 
tide turns (Dyer 1997), which may affect other environmental and biological factors. 
Resuspension of denser, saltier water due to tidal forces and wind stress may also have 
occurred during the sampling time frame, creating a well-mixed estuary. 
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Since salinity can be a driving force for many of the parameters studied in BSL, it 
is possible that the correlations between salinity and free-living bacteria exist only due to 
covariance with other variables. Salinity was correlated significantly (p:S0.01) with 17 of 
the 24 variables in this study, most of those were negative correlations, in agreement with 
previous results from BSL (Rowe 2008). Results from the PCA of the total dataset 
(Table 3.6) showed that salinity had an inverse relationship with all of the variables on 
PC 1. Inorganic and organic matter can be supplied via freshwater inputs, which may be 
the underlying control of bacterioplankton abundances. It is well known that an increase 
in freshwater input, either via discharge or rainfall, will decrease salinity. By calculating 
monthly means of the data, salinity was essentially removed as a variable from the 
monthly averages PCA (Table 3.7, Appendix C), thus reducing its significance in 
explaining spatial variance in the ecosystem (Bouvier and del Giorgio 2002) and 
suggesting that inorganic and organic dissolved matter are more important parameters 
(Schultz et al. 2003). 
In addition to examining BSL as one large ecosystem, policy makers should keep 
in mind that particular areas are more subject to certain environmental and biological 
stressors. This information may aid policy makers in the management of bay resources 
and water quality. The majority of variables (12 of 18) differed significantly between 
shoreline groups (Table 3.13). In studies ofriver systems, Alberto et al. (2001) and 
Chang (2005) showed that stations can be grouped based on distance from an 
environmental stressor, such as a major city, industrial plant, or a large residential area. 
The highest median values for total and free-living bacteria were at station 5, at the 
mouth of the main channel that leads to BP, in agreement with Rowe (2008). The 
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Harrison County Wastewater and Solid Waste Management Authority is located on the 
southern shore of BP and is a major NPDES facility that discharges treated domestic 
wastewater from the towns of Pass Christian and Long Beach (EPA 201 Ob). Even 
though wastewater from such plants, is treated to reduce total coliform bacteria, typical 
reduction is only to 105 - 107 MPN L-1 (Hashim 2001). In addition, there are large 
unsewered areas around BSL, especially around the outflow of the JR and BP (MDEQ 
2001). These could be sources of bacterial abundance in BSL. More importantly, and 
more relevant to this study, Liu et al. (2008) investigated the BSL watershed and 
classified stations located within JR, WR, and nearby bayous into two areas: upstream 
and near-coast. The near-coast stations referred to stations closest to the bay itself. The 
authors found significant differences between the upstream and near-coast stations, 
analogous to the pattern seen in this study for inner bay and outer bay stations. 
Temporal Variability 
The second hypothesis tested for temporal variation, and results examined both 
monthly and seasonal time periods. Free-living bacteria abundance increased from early 
spring into the summer, and began to decrease into late summer (Fig. 3.3). Attached 
bacteria did not have a straightforward temporal pattern, increasing and decreasing as the 
months passed (Fig. 3.4). Since attached bacteria made up less than 26% of the total 
bacteria counts by month, the total bacteria abundance was not affected by the number of 
attached bacteria. May and September counts showed a slightly higher median value of 
total bacteria, but the overall trend was similar to the median values of free-living 
bacteria. This seasonal pattern was expected, as many studies have recorded similar 
results of a peak concentration in summer months (Cammen and Walker 1982; Iriberri et 
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al. 1987; Griffith et al. 1994; Revilla et al. 2000; Farnell-Jackson and Ward 2003; Schultz 
et al. 2003; Auguet et al. 2005). Cammen and Walker (1982) also distinguished between 
bacterial types, and stated that attached bacteria abundances were uniform regardless of 
the season. In this study, though there was a significant difference in attached bacteria 
over time, the majority of the counts fell within a range of 1.5-6.9 x 108 cells L-1 (with the 
exception of September). Griffith et al. (1994) suggested that attached bacteria were less 
influenced by temperature changes than free-living bacteria, and thus would remain as a 
stable population throughout the year. In fact, in their study, free-living bacteria were 
correlated only with in situ temperature. For the current study, evidence of this can also 
be seen in the Spearman's rank correlation (Table 3.2), showing that free-living and total 
bacteria correlated positively (p:'.S0.01) to in situ temperature, while attached bacteria 
correlated negatively (p:'.S0.05). From the PCA of the total dataset, in situ temperature 
had one of the highest loadings overall, as well as the highest loading on PC2 (Appendix 
C). Free-living bacteria also contributed to PC2. This data is in agreement with previous 
studies (Shiah and Ducklow 1994; Revilla et al. 2000; Alberto et al. 2001; Apple et al. 
2004; Grossart et al. 2004; Auguet et al. 2005; Apple et al. 2008), which all found that 
temperature (month or season) was a major factor in affecting bacterial abundance. 
However, a previous study in BSL by Rowe (2008) concluded that though there was 
temporal variability in bacterioplankton, abundances were not correlated with 
temperature. Unfortunately data from that study did not extend into the summer months, 
and so only showed a seasonal transition in early spring (Rowe 2008). It is possible that 
temperature can affect bacterioplankton directly; however it is much more likely that 
temperature is affecting the factors that create an ideal environment for bacterial growth. 
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Whether temperature was the only controlling factor cannot be determined; the affect of 
temperature on the ecosystem may mask the significance of other variables (Schultz et al. 
2003). During the summer months, higher water temperatures, coupled with an increase 
in river flow that brings nutrients into the bay, has been shown to increase productivity 
and uptake and metabolism of organic matter to stimulate growth in aquatic systems 
(Kirchman 1994; Shiah and Ducklow 1994), which may lead to an increase in organism 
abundances. 
Relationships between Bacteria and Other Parameters 
From literature review, conclusions regarding correlations between bacteria and 
environmental parameters were often in contradiction with each other. Some authors 
found significant relationships whereas others found none. Therefore, there were no 
direct expectations for this study as to either positive, negative, or non-significant 
relationships. Free-living bacteria were correlated positively to DO, Si03, chi.a, DOC, 
and TDN (Table 3.2). Attached bacteria were correlated positively with turbidity, NH4, 
DIN, and DOC (Table 3.2). Phosphate and NOx were not correlated with either type of 
bacteria. 
The positive relationship between attached bacteria and turbidity was expected 
prior to data collection. Turbidity, another term for water clarity, is an optical property 
that can be affected by suspended particulate matter, detritus, or is organic in nature (such 
as phytoplankton blooms). An increase in turbidity, and thus particulate matter, can lead 
to an increase in attached bacteria abundance (Cook 1979; Cammen and Walker 1982; 
Rink et al. 2008). In May, the highest median value was recorded for both attached 
bacteria (4.36 x 108 cells L-1) and turbidity (8.4 NTU). It was suggested by Painchaud 
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and Therriault (1989) that "attached bacteria must be largely ofbenthic origin," based on 
the location and formation of the turbidity maximum zone by resuspended sediments in 
the St. Lawrence Estuary (p.308). Resuspension can be caused by waves (both wind-
induced and internal), currents, bottom shear (friction), and freshwater flows. In shallow 
aquatic environments like the BSL, wind and tidal shifts are the main forcing variables 
that can cause resuspension of bottom sediments and particulates in the water column, 
thus increasing turbidity (Van Dolah et al. 2003 ; Grossart et al. 2004; Rink et al. 2008). 
A study by Schmidt et al. ( 1998) showed that in the bottom sediments of subtidal harbors 
of Puget Sound, Washington, the concentration of bacteria was comparable to water 
column counts (108 - 109 L-1) , suggesting that resuspension and settling played an 
important role in bacterial transport. Wind in May averaged 3.67 ms-• for the watershed, 
the second highest value over the study period during a sampling day. Wind speed was 
not correlated with attached bacteria in this study; however, it was correlated negatively 
(p:S0.01) with free-living bacteria (Table 3.3). An inverse relationship may exist between 
free-living bacteria and turbidity and wind speed; windier days can result in increased 
turbidity, which may obscure free-living bacteria (Carvalho et al. 2003). 
There was little agreement among studies for relationships between bacteria and 
inorganic (NOx, NH4, DIN, P04, Si03) and organic (DOC, carbohydrates) nutrients, most 
likely due to the unique nature of each body of water studied. However, there was one 
common underlying idea throughout all of the previous studies used for comparisons to 
this present study: although there was a lack of direct correlation between nutrients and 
bacteria, nutrients were still important as controlling factors for bacterial processes. 
Fuhrman et al. (1980) and Farnell-Jackson and Ward (2003) found no significant 
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correlations between bacteria and inorganic nutrients. On the other hand, in this study, 
attached bacteria were correlated positively (p:S0.01) with DIN and NH4 (Table 3.2), in 
agreement with Revilla et al. (2000). There are two possible explanations behind this 
relationship: first, that NH4 is the primary source of nitrogen for attached bacteria 
(Kirchman 1994; Palijan and Fuks 2006). The second reason could be that the bacteria 
themselves are producing NH4 by means of dissimilatory nitrate reduction to ammonium 
(DNRA), which is especially prevalent in organic-rich sediments (Munn 2004). Rowe 
(2008) found that free-living bacteria abundances were correlated positively with P04 in 
the BSL, but this study did not see a significant relationship between either type of 
bacteria and P04 for the total dataset. Free-living bacteria were correlated positively 
(p:S0.05) with Si03, and Si03 was correlated positively with chi.a (Table 3.2). This 
suggests a connection between free-living bacteria and diatoms, which require Si03 to 
build their exoskeletons. None of the papers read for comparison included Si03 as an 
inorganic nutrient in their research. In regards to organic nutrients, it was found in this 
study that both free-living and attached bacteria were correlated positively with DOC 
(p:S0.05, Table 3.2). Other than temperature, this was the only variable that correlated 
significantly with both types of bacteria. This agreed with results from Revilla et al. 
(2000), Carvalho et al. (2003), and Farnell-Jackson and Ward (2003), but contradicted 
results from Fuhrman et al. (1980) and Auguet et al. (2005). In the shelf waters of the 
English Channel, Linley et al. (1983) found that although bacterial abundances were high 
when DOC was high, the two were not correlated significantly. Dissolved organic 
carbon was correlated negatively with salinity (p:S0.01, Table 3.2) and correlated 
positively with WR gauge height and discharge (p:S0.05, Appendix B), suggesting that 
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the source of DOC was freshwater inputs and a likely source of carbon for 
bacterioplankton growth (Kirchman 1994; Bouvier and del Giorgio 2002; Farnell-
Jackson and Ward 2003; Apple et al. 2004; Auguet et al. 2005; Hitchcock et al. 2010). 
This concept is supported by Hitchcock et al. (2010), who added glucose as a source of 
DOC to mesocosms, which led to significant bacterial growth. This same experiment 
found that adding inorganic nutrients (P04 and nitrate) to the same mesocosms yielded no 
significant bacterial response, and therefore DOC was more important to bacteria than 
inorganic nutrients (Hitchcock et al. 2010). Total dissolved nitrogen was correlated 
positively with free-living bacteria, in agreement with results from Carvalho et al. (2003). 
Van Dolah et al. (2003) suggested that the increase in both coliform bacteria and total 
nitrogen in South Carolina estuaries was a result of increased land runoff due to periods 
of high rainfall. Total CH Os and part of its constituents (polysaccharides) correlated 
positively to attached bacteria, suggesting that attached bacteria may be responsible for 
bacterial degradation of carbohydrates (Hung et al. 2003) via extracellular enzymes that 
make nutrients available for other organisms (Munn 2004). 
In the nearby MS River and Atchafalaya River plumes, Amon and Benner (1998) 
calculated total bacterial abundance in the range of 3.8 - 116.8 x 108 cells L-1 in July 
1993. This concentration was higher than average due to intense flooding during spring 
and summer of that year. In July of the current study, there was a high flow of fresh 
water to the bay (Fig. 3 .16) during which nitrogen species and Si03 concentrations 
increased (Figs. 3.10, 3.11, and 3.12). This may have aided in the increase in primary 
production, and thus chi.a concentration for nearby station 5 (Fig. 3.14; Jochem 2001 ). 
Wolf River discharge was not correlated directly to bacterial abundances during any 
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sampling day (Table 3.2). However, it is possible that the increased flow from the WR 
during the months of July and August brought necessary nutrients (both inorganic and 
organic) to BSL, thus increasing production of primary producers (Fuhrman et al. 1980, 
Amon and Benner 1998, Auguet et al. 2005). Phytoplankton can produce the organic 
matter food source (i.e., DOC) needed by bacteria for growth and survival (Chin-Leo and 
Benner 1992). Total bacterial abundances began to increase at the start of summer and 
reached a maximum in August (median = 33.56 x 108 cells L-1). July and August had the 
highest chi.a concentrations as well, and Spearman's Rank of the total dataset (Table 3.2) 
resulted in a positive correlation (p:S0.01) between free-Jiving bacteria and chi.a, in 
accordance with the results of similar studies (Fuhrman et al. 1980; Revilla et al. 2000; 
Palijan and Fuks 2006; Rink et al. 2008). Attached bacteria did not have a significant 
correlation with chi.a (Table 3.2), which contradicts findings from Griffith et al. (1994). 
However, the methods used by Griffith et al. (1994) to count attached bacteria varied 
from the method used in this study, which may have provided for the difference in 
results. It is possible that attached bacteria in BSL absorb the carbon necessary for 
growth from a source other than phytoplankton, such as terrestrial runoff or recycling of 
organic matter via remineralization, bacterial grazing, excretion, sloppy feeding, or cell 
lysis (Malone and Ducklow 1990; Chin-Leo and Benner 1992; Carvalho et al. 2003; 
Wang 2009). In addition, extracellular enzymatic activity of bacteria can introduce 
carbon into the water column in the form of DOC, CHOs, amino acids, peptides, or 
organic acids (Munn 2004). 
Free-living and attached bacteria were not correlated with each other, nor were 
they correlated with the same variables other than DOC and temperature (Table 3.2), in 
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agreement with previous studies (Cammen and Walker 1982; Griffith et al. 1994; Crump 
et al. 1998; Auguet et al. 2005). This suggests that the two types of bacteria had different 
forcing mechanisms on their abundances (Painchaud and Therriault 1989; Crump et al. 
1998). In situ temperature had a positive effect on total abundances and free-living 
bacteria abundances, but had a negative effect on attached bacteria abundances (Table 
3.9). Dissolved organic carbon had a positive effect on total and attached bacterial 
abundances, which strengthens the idea that DOC is an important source of carbon for 
bacteria in BSL. Some bacteria have extracellular enzymes, called exoenzymes, that 
break down saccharides and proteins, thus recycling the carbon necessary for bacterial 
growth (Apple et al. 2004; Munn 2004). 
Hydrologic Effects and Weather Conditions 
When examining the Spearman's Rank correlations for hydrologic data for the 
total dataset, an interesting spatial relationship emerged. For the majority of the 
variables, the WR and JR had opposing correlations, or one river was correlated 
significantly to a specific variable and the other was not (Table 3.2, Appendix B). This 
could simply be due to their locations on opposite sides of the BSL. The WR watershed 
and drainage basin is larger than the JR watershed (GCRL 1978), allowing for more input 
of inorganic and organic matter as water flows into BSL. The majority of the population 
for Hancock and Harrison Counties lives along the coast ofBSL; however, industrial and 
commercial sources of wastewater are concentrated in the WR watershed (Hashim 2001; 
Huddleston et al. 2003; EPA 2010b). It is known widely that residential, industrial, and 
commercial areas concentrated on any coastline have been shown to have a negative 
impact on water quality (Revilla et al. 2000; Lipp et al. 2001; Caccia and Boyer 2005; 
Chang 2005; Liu et al. 2008; Rowe 2008; Sawant 2009). Interestingly, Rowe (2008) 
found that bacterioplankton abundances were lowest at the mouth of the WR, "possibly 
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as a result of the less developed WR watershed (p.64)." This contradicts the results from 
this study, as many of the higher cell counts were seen at station 4, the mouth of the WR 
(Appendix A). The extent of damage and destruction caused by Hurricane Katrina in 
2005 was widespread in Mississippi, but immediate storm surge impacts were seen in the 
BSL watershed. Many residents were displaced or relocated from the near-coast region 
to areas further north ofBSL, i.e., the northern reaches of the WR watershed. It is 
possible that since Katrina, residential and commercial wastewater sources increased in 
the WR watershed due to a possible increase in the population, which was reflected in the 
water quality data. When comparing the overlapping sampling months (March, April, 
and May) and similar locations (stations 1, 4, and 5), free-living bacteria measured in 
2004 were from 2-10 times higher than in 2007. Data from Rowe (2008) indicated that 
free-living bacterial abundances reached a maximum during April for stations 1 (JR), 4 
(WR), and 5 (BP). During 2007, bacterial abundance maximums were not reached until 
the summer months (Fig. 3.3). Unfortunately, due to the lack of data for the remainder of 
2004, it is not possible to compare seasonal trends. 
Though it has been shown that river discharge can exhibit direct positive or 
negative relationships with variables measured in this study, it should be made clear that 
once freshwater reaches BSL, it immediately mixes with the estuarine and seawater, thus 
diluting whatever material is brought with it. Mixing processes (including resuspension) 
occur via wind, currents, and tidal action. Wolf River discharge was not related 
significantly to any forms of nitrogen or to abundances of either type of bacteria; 
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however, it was correlated negatively with P04 (Table 3.2). One possible reason for this 
relationship is that the major source of P04 in BSL is the MS Sound; salinity and P04 
were correlated significantly during this study (r = 0.806, p~0.01). Also, JR gauge height 
and MTL were correlated positively to P04, which could be an indication that during 
high tide, MS Sound water containing a high P04 concentration had permeated into the 
upper area ofBSL. Dilution may be the underlying cause for a lack of correlations 
between bacteria and river discharge (Vega et al. 1998; Grossart et al. 2004; Bordalo and 
Vieira 2005; Rink et al. 2008), either from mixing at the mouths of the rivers, or during 
flood tide when seawater from the MS Sound intrudes the furthest into BSL. Another 
possible explanation was discussed in Sklar and Browder (1998), called the "overlap 
concept, [ used] to estimate realized or potential impacts of changes in freshwater flow by 
measuring spatial patterns of salinity change in response to variation in freshwater 
inflow, and determining the spatial extent of specific salinity-habitat combinations under 
various scenarios of freshwater inflow (p.554)." The authors used GIS to overlay salinity 
data with habitat features (such as bathymetry and topography), and then view how 
salinity and freshwater flows changed with respect to time. Freshwater flows can be 
altered by precipitation, ground water inclusions, and manmade structures such as dams, 
reservoirs, and canals (Sklar and Browder 1998), all of which were included in their 
model. This model can provide one explanation for both positive and negative 
correlations between abundance and concentration values and freshwater input indices 
and/or salinity seen in this study (Tables 3.2 and 3.3, Appendix B; Sklar and Browder 
1998). For example, the WR data was correlated negatively to salinity, in situ T, DO, 
turbidity, P04, and TDN, while the JR data was correlated positively to the same 
parameters (Tables 3.2 and Appendix B). 
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Since more than 75% of the total abundances consisted of free-living bacteria, it 
was expected that these two bacteria populations would show similar correlation values. 
However, when looking at the hydrologic data, this was not the case. Attached bacteria 
were more affected by MTL than free-living bacteria, since total abundance was 
correlated (p:S0.05) with these variables, but free-living counts were not (Table 3.2). The 
small contribution of attached bacteria to the total counts did have an effect on the 
relationships between MTL and cell counts. Adding to the differences between the two 
major freshwater sources to the BSL, WR discharge was not correlated significantly with 
the abundances of either type of bacteria (Table 3.2). However, it is likely that the rivers 
bring necessary nutrients to the BSL, thus contributing to bacterial abundances. Earlier 
arguments supported the idea that DOC emerged as an important factor for bacterial 
abundances. The WR could be a source for DOC, since discharge and DOC were 
correlated positively (Appendix B, p:SO.O 1 ). Carbohydrates, another form of carbon, 
were also correlated positively to WR discharge (Appendix B, p:S0.01). In addition, at 
the mouth of BP (station 5), total bacterial abundance was correlated positively with P04 
(p:S0.05). Many commercial and industrial sites are located on the shores of BP, 
including a concrete plant and sewage treatment facilities that discharge high 
concentrations of P04 on a regular basis (Sawant 2009; EPA 2010b). The highest median 
attached bacteria abundances, as well as the highest P04 concentrations, were found at 
station 5. In many studies, P04 was correlated with bacterial abundances (Auguet et al. 
2005; Rowe 2008; Hitchcock et al. 2010); however, in this study it was found that P04 
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was not correlated to bacterial abundances when analyzing the full dataset. Since P04 is 
relatively high compared to DIN, P04 is not a limiting inorganic nutrient in BSL and thus 
may have Jess of an impact, reflected in the Jack of correlation between P04 and 
bacterioplankton. Phytoplankton, which require P04 for primary production, may be the 
link between P04 and bacterioplankton. As mentioned previously, chi.a, which served as 
a proxy for phytoplankton abundance, was correlated significantly with total and free-
living bacterial abundances. 
Due to the shallow nature of the bay, and the relatively small tidal range (:S0.5 m), 
wind speed is considered a major physical forcing variable on water circulation in BSL 
(GCRL 1978; Eleuterius 1983; Phelps 1999; Pluhar 2007). One relationship that was 
expected, but not proven, was a positive correlation between wind speed and turbidity. It 
was assumed that an increase in wind speed would cause water disturbance and decrease 
water clarity. One possible explanation is that samples were taken on the highest high 
tide of each month, and so wind stress would not reach far enough through the water 
column to disturb the bottom sediments, causing an increase in turbidity. Also, since 
only surface water samples were taken, it is possible that particles were not mixed fully to 
the surface, and remained just below sampling depth. 
Rainfall has already been shown to have an effect on freshwater input into BSL 
(Table 3 .17). An increase in precipitation can cause an increase in runoff to the rivers 
and bayous that surround BSL. Spearman's Rank results show a positive relationship 
between five day total precipitation and free-living bacteria, DOC, and TDN (Appendix 
B). Runoff caused by rain may contain organic material, inorganic nitrogen and 
phosphorus in the form of fertilizers, sediments, and bacteria (Hashim 2001; Huddleston 
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et al. 2003; Apple et al. 2004; Sawant 2009). Terrestrially-derived inorganic and organic 
matter can be delivered to BSL via rivers and bayous, impacting the bay's biology and 
chemistry. An increase in nutrients can cause a phytoplankton bloom, creating a larger 
pool of organic matter to support bacterial consumption. This in tum may increase 
bacterioplankton abundances on a short term time scale, relative to episodic storm events 
(Lipp et al. 2001; Apple et al. 2004). Rowe (2008) found that the abnormally high 
bacterioplankton abundance he saw in May 2004 at one station coincided with the peak 
of a storm event. However, for the current study, the June sampling day saw the highest 
rainfall averaged over the watershed (Fig. 3 .17), but did not reflect any anomalous 
bacterioplankton concentrations. The reason behind this discrepancy could lie in how the 
rainfall was c.alculated; Rowe (2008) collected data from only two rain gauges at the 
USGS gauge locations. In 2007, these gauges no longer measured precipitation. 
Conclusions 
The purpose of this study was to describe spatial and temporal patterns in 
bacteria, as well as determine which environmental parameters had an effect on these 
patterns. In an attempt to explain variation of bacterial abundances, multivariate statistics 
were employed and found that free-living and attached bacteria should be treated as 
separate populations of bacteria because of their different controlling factors (Table 3.9; 
Painchaud and Therriault 1989; Crump et al. 1998). Bacteria varied more over time than 
they did between sampling sites, indicating that seasonal changes were stronger than 
spatial differences, and temperature was a major influence on bacterial abundances 
(Griffith et al. 1994; Revilla et al. 2000; Grossart et al. 2004; Apple et al. 2004). 
Attached bacteria can be a better indicator of water quality because the population varies 
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both spatially and temporally in BSL. Higher concentrations of attached bacteria were 
seen at shallow stations nearest freshwater inputs. The BSL was never anoxic or 
hypoxic, even at depth, and therefore low DO was not a stressor to water quality. 
Inorganic (nitrogen species and Si03), organic (DOC and carbohydrates) nutrients, and 
TDN were at typical concentrations for a brackish and estuarine bay, and increased 
during periods of above-average freshwater input. Phosphate displayed high values 
during the summer months, which may have been caused by wastewater discharge. 
Hydrology and weather conditions were influential on bacteria abundances, and dilution 
may be a primary reason for lower bacterial abundances in Mid BSL and the MS Sound, 
and during high tide (Vega et al. 1998; Grossart et al. 2004; Bordalo and Vieira 2005; 
Rink et al. 2008). 
Traditionally, coliform bacteria, nutrients, DO, and total suspended solids 
(turbidity) are the main components of a typical water quality study, and the MDEQ uses 
these measurements for their TMDL reports (MDEQ 2001). However, there was 
variability among every study, and some authors placed other measurements on a higher 
level, i.e. stressing the dominance of organic nutrients over inorganic nutrients in bacteria 
and phytoplankton studies (Linley et al. 1983; Painchaud and Therriault 1989). This 
study focused on bacterial abundances as a proxy for water quality, but bacterial 
abundance should not be the sole variable to determine the health of an ecosystem. 
Supplemental data was necessary to explain variations in bacterial abundance. While 
these 24 variables (Table 3.1) were important in describing water quality, it was by no 
means an all-inclusive set of data. Organism abundance and biomass can only be used as 
a snapshot in time, a sort of "standing stock" measurement. Fluxes, production, growth, 
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and respiration can explain more of the variability of an ecosystem, as well as provide 
information on how bacterial abundances change over time (Painchaud et al. 1996). 
Bacterial growth (production) was not measured in this study; however, based on the 
literature, bacterial production reaches a summer maximum for comparable estuaries 
(Amon and Benner 1998; Apple et al. 2004). Measuring bacterial growth rates 
concurrently with abundance may help to further explain the maxima seen in the summer 
months. Bacterial abundance can change depending on the time scale of the study; Rowe 
(2008) showed that over the course of two days in April and in May 2004, 
bacterioplankton abundances doubled, which may have been associated with an increase 
in rainfall the days prior. Since Rowe (2008) had already proved that such fluctuations 
exist in BSL, a weekly or daily experiment was not included in this study. 
The MDEQ samples 25 beach sites a few days every week along the Mississippi 
Gulf Coast for fecal coliform bacteria. However, advisories regarding beach closures are 
often not put into effect when a high concentration of coliform bacteria is found; this is 
because the tests performed by the MDEQ take at least 24 hours to complete. The fecal 
coliform limit set by the EPA and State of Mississippi for recreational waters is less than 
200 CFU/1 OOmL (EPA 2003). On May 7, 2007, the MDEQ found bacterial 
concentrations above 1000 CFU/100 mL at the two stations near the entrance ofBSL, yet 
no beaches were closed during and after that day (MDEQ 2010a). One week later, this 
study found the highest median concentration ( 4.07 x 108 cells L-1) of attached bacteria in 
BSL. These two measurements indicated a possible bacterial response to optimal growth 
conditions. However, what is not known are the conditions which led to such a bacterial 
response. 
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This is the fundamental problem of water quality assessments: while spot 
measur~ments are important to examine changes in an ecosystem over time, it is more 
important to identify and understand the underlying causes of such an environmental 
response (Hart et al. 1999). In other words, is it possible to forecast poor water quality 
based on prior data, and inform the public in advance? Hashim (2001) and Huddleston et 
al. (2003) attempted to model water quality and TMDLs for the BSL watershed, and 
discussed multiple problems associated with such a task. Models can imitate the overall 
picture but may not be able to ascertain individual or small-scale characteristics ofBSL 
hydrology. Also, there are dozens of applicable variables that must be included in the 
model runs that were not investigated thoroughly for this study. For example, watershed 
land use, direction and velocity of currents, bathymetry, and trace metal concentrations 
could be of value. Although models are verified using data from the field, they may not 
be accurate during times of environmental stress, such as major storm events (Hashim 
2001). Increasing data collection and analysis during times of dry and wet weather over 
the year will better aid scientists in modeling the environment of BSL. Also, increasing 
the number of stations assessed can provide a higher spatial resolution for modeling data 
and statistical analyses. As previously mentioned, the western and eastern areas ofBSL 
are highly susceptible to freshwater input, and so those portions should be monitored 
closely. A more advanced technique for bacteria enumeration, such as flow cytometry or 
molecular probes, may provide more accurate results in a timelier manner. However, 
Jochem (2001) found that bacterial abundance counts by epifluorescence microscopy and 
flow cytometry showed "statistically significant (p<0.001) linear relations," indicating 
that either method would be appropriate and accurate for bacterial enumeration (p.182). 
Developments of in situ sensors have led to more accurate results in optical 
measurements of DO and chl.a, and there is now an in situ sensor for nitrogen species. 
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As the years passed, an increase in environmental monitoring aided policy makers 
and scientists in management practices. Water quality of the BSL watershed has 
improved in recent years since the establishment of TMDLs for fecal coliforms in 2001, 
and the addition of a nutrient and DO TMDL for BSL tributaries created in 2007 (MDEQ 
2001 ; MDEQ 2007). As of this current calendar year, BSL and the JR and WR have 
been removed from the List oflmpaired Waters for Mississippi (MDEQ 2010b). In this 
respect, models have helped to improve water quality for the communities around BSL 
by highlighting areas of concern for resource managers and local officials. However, 
without environmental monitoring and field data collection, these management decisions 
would not have succeeded in improving water quality in BSL. Continual ecological 
monitoring combined with predictive modeling is recommended as an effective water 
quality management strategy (Hart et al. 1999). 
APPENDIX A 
BACTERIOPLANKTON STUDY TOTAL DATASET 
Table Al. Bacterial Abundances (x 108 cells L-1), Environmental Parameters, Inorganic and Organic Nutrients and Chlorophyll a. 
ND:No Data. 
Total Attached Free-Living Temp DO Turbidity 
Date Station Abundance Bacteria Std.Dev. Bacteria Std.Dev. Salinity (°C) (mg L-1) (NTU) 
3/21/2007 1 13.763 3.399 1.142 10.364 2.991 9.5 19.76 3.10 2.2 
2 13.262 2.590 0.699 10.672 3.952 10.0 20.83 3.48 3.8 
3 19.247 4.509 0.635 14.739 14.660 11.5 20. 14 3.46 6.4 
4 15.192 3.573 0.410 11.619 2.482 12.5 20.63 3.56 2.3 
5 23.076 6.047 1.562 17.029 6.949 12.5 20.49 3.50 3.3 
6 11.311 1.439 0.793 9.873 2.894 12.0 19.94 3.42 3.2 
7 12.280 1.514 0.737 10.766 5.653 12.0 19.48 3.22 5.3 
8 10.507 2.985 1.214 7.522 1.547 14.5 19.42 3.78 2.5 
4/ 18/2007 1 13.763 3.399 1.142 10.364 2.991 9.0 20.09 3.40 6.2 
2 13.262 2.590 0.699 10.672 3.952 11.0 19.83 3.31 5.0 
3 19.247 4.509 0.635 14.739 14.660 12.0 20.20 3.36 3.7 
4 15.192 3.573 0.4 10 11.619 2.482 10.0 20.36 3.31 6.2 
5 23.076 6.047 1.562 17.029 6.949 10.0 19.79 3.53 6.0 
6 11.311 1.439 0.793 9.873 2.894 14.0 20.62 3.44 3.4 
7 12.280 1.514 0.737 10.766 5.653 15.0 20.14 3.39 3.6 
8 10.507 2.985 1.214 7.522 1.547 12.0 19.49 3.22 4.8 
9 13.763 3.399 1.142 10.364 2.991 18.0 19.16 3.22 6.8 
5/15/2007 1 14.805 5.350 0.651 9.455 1.770 12.0 26.53 3.41 7.0 
2 2 1.950 3.615 1.625 18.335 5.161 13.0 26.02 3.23 13.3 
3 24.447 4.889 2.943 19.557 9.208 14.0 25.95 3.24 10.2 
4 20.521 4.208 0.405 16.314 7.016 14.5 26.28 3.22 9.3 
5 35.1 10 2.795 0.884 32.314 29.521 14.0 26.35 3.11 2.0 
Table A I. ( continued). 
Total Temp DO Turbidity 
Date Station Abundance Attached Std.Dev. Free Living Std.Dev. Salinity (°C) (mg L-1) (NTU) 
5/ 15/2007 6 12.249 3.493 1. 116 8.756 0.269 14.5 26.37 2.98 10.8 
(con 't.) 7 17.172 4.965 4.03 1 12.208 3.288 15.0 26.23 2.73 11.0 
8 13.996 6.779 4 .166 7.217 4.055 17.0 25.80 3.02 12.2 
6/20/2007 1 14.324 2.529 0.196 11.795 3.072 12.00 28.62 2.88 ND 
2 16.740 1.942 1.300 14.799 3.333 13.43 29.20 3.57 ND 
3 27.498 2.957 1.033 24.541 13.085 13 .54 29.53 3.84 ND 
4 22.533 1.330 0.203 2 1.203 9.119 13.30 29.58 3.67 ND 
5 23.51 9 2.034 1. 173 21.485 6.245 13.95 30.00 4.57 ND 
6 30.5 19 1.230 0.507 29.289 7.464 15.37 30.65 4.07 ND 
7 13.812 0.93 1 0.397 12.882 5.68 1 15.74 30.02 4.24 ND 
8 20.233 0.9 16 0.209 19.31 7 5.982 15.83 29.40 4.11 2.0 
9 14.383 0.92 1 0.071 13.461 4.233 17.22 28.85 3.58 4.9 
7/17/2007 1 21.208 2.825 0.399 18.382 10.347 4.59 27.69 2.67 8.2 
2 3 1.569 2.938 1.013 28.631 5.420 6.42 29.26 4.36 4.3 
3 19.778 4.123 0.475 15.655 7.380 7.06 29.17 4.5 1 4.4 
4 35.549 3.251 0.688 32.298 9.973 6.77 28.02 3.45 5.4 
5 36.036 5.289 3.31 1 30.747 4.588 9.25 28.05 4.26 5.3 
6 35. 126 1.982 1.007 33.144 1.995 10.96 28.01 4.62 1.3 
7 19.1 98 1.826 1.287 17.37 1 6.017 10.46 28. 17 4.56 1.5 
8 41.150 1.361 0.170 39.789 6.006 13.47 27.96 4.70 2. 1 
9 32.994 1.213 0.040 3 1.781 7.712 16.97 27.92 4.48 0.0 
8/13/2007 1 28.250 3.380 1.563 24.870 7.535 21.59 33.48 7.61 7.2 
2 37.808 2.689 0.82 1 35.119 5.663 22.65 32.24 7.38 11.2 
3 23.606 1.829 0.403 21.778 8.298 23.28 33.61 7.61 9.4 
4 40.121 1.570 0.868 38.55 1 19.272 23.10 33.79 7.35 7.3 
Table A I. ( continued). 
Total Temp DO Turbidity 
Date Station Abundance Attached Std.Dev. Free Living Std.Dev. Salinity (OC) (mg L-1) (NTU) 
8/13/2007 5 44.486 2.492 1.352 41.995 20.18 20.18 33.57 7.43 10.5 
(con't.) 6 28.208 1.881 0.394 26.327 25.58 25.58 33.38 7.37 9.0 
7 41.085 2.017 0.540 39.068 25.99 25.99 33.09 7.34 8.2 
8 25.862 3.249 2.256 22.613 25.89 25.89 32.75 7.19 9.8 
9 32.608 1.580 0.330 31.029 38.17 38.17 33.39 7.11 6.6 
9/26/2007 1 56.164 3.180 2.755 52.984 19.55 I 9.55 28.71 8.03 6.0 
2 27.275 3.357 0.160 23.918 19.32 19.32 28.45 7.73 6.0 
3 22.085 5.411 3.939 16.674 21.96 21.96 27.97 7.79 4.8 
4 33.893 13.197 4.258 20.696 20.78 20.78 28.82 7.56 34.6 
5 47.400 6.969 1.736 40.431 22.12 22.12 28.77 7.62 6.7 
6 24.881 4.415 2.080 20.466 23.47 23.47 28.51 7.12 11.5 
7 23.256 2.241 1.127 21.015 24.21 24.21 28.59 7.23 6.0 
8 17.703 1.577 0.457 16.126 24.72 24.72 28.19 7.02 5.2 
9 18.596 2.024 0.908 16.572 26.13 26.13 28.22 7.63 5.0 
Total Mono Poly 
NH4 NOx DIN P04 Si03 DOC TDN CHOs Sacch Sacch Chi.a 
Date Station (uM) (uM) (uM) (uM) (uM) (ppm) (ppm) (uM-C) (uM-C) (uM-C) (ug L-1) 
3/21/2007 1 1.022 0.156 1.178 0.198 60.989 5.414 0.301 116.292 85.104 31.188 8.601 
2 0.113 0.039 0.152 0.204 62.843 4.446 0.245 89.335 62.179 27.155 5.764 
3 0.148 0.150 0.298 0.257 58.328 4.428 0.246 85.240 60.764 24.476 6.442 
4 0.240 0.043 0.283 0.291 51.002 4.422 0.256 84.216 54.538 29.678 5.454 
5 0.472 0.047 0.519 0.383 57.078 4.593 0.268 90.700 51.991 38.709 8.748 
6 0.112 0.047 0.159 0.343 48.477 4.021 0.238 75.344 42.934 32.410 7.260 
7 0.222 0.073 0.295 0.395 50.965 3.834 0.224 74.662 40.387 34.275 7.094 
8 0.576 0.058 0.634 0.431 41.023 3.739 0.264 75.344 38.689 36.655 6.239 
\0 
N 
Table Al. ( continued). 
Total Mono Poly 
NH4 NOx DIN P04 Si03 DOC TDN CHOs Sacch Sacch Chi.a 
Date Station (uM) (uM) (uM) (uM) (µM) (ppm) (ppm) (uM-C) (uM-C) (µM-C) (µg L-') 
4/18/2007 1 0.482 0.153 0.635 0.256 61.778 5.602 0.306 133.695 77.179 56.516 13.317 
2 0.325 0.128 0.453 0.347 51.304 4.628 0.268 98.889 58.783 40.106 4.857 
3 0.185 0.116 0.301 0.178 46.177 4.391 0.255 88.311 59.632 28.679 4.364 
4 0.304 0.174 0.478 0.416 63.544 5.096 0.281 105.373 81.991 23.382 6.073 
5 0.218 0.045 0.263 0.227 59.594 5.548 0.291 104.008 73.217 30.791 13.906 
6 0.170 0.056 0.226 0.286 35.156 3.889 0.238 62.718 40.387 22.332 3.980 
7 0.155 0.148 0.303 0.341 27.940 3.673 0.228 58.965 38.123 20.842 5.672 
8 0.198 0.053 0.251 0.298 32.091 3.860 0.238 64.766 35.858 28.907 4.784 
9 1.294 0.288 1.582 0.511 17.317 3.273 0.217 45.657 22.840 22.817 6.250 
5/15/2007 1 2.137 0.128 2.265 0.323 63 .134 4.977 0.344 92.747 51.708 41.039 19.027 
2 0.647 0.113 0.760 0.341 54.173 4.390 0.291 79.439 44.349 35.090 10.995 
3 0.370 0.064 0.434 0.289 53.025 4.324 0.282 81.827 43 .500 38.327 9.595 
4 0.394 0.074 0.468 0.267 31 .246 4.024 0.271 73.297 46.047 27.250 8.932 
5 0.278 0.225 0.503 0.301 45.762 4.340 0.287 76.027 46.047 29.979 9.706 
6 0.318 0.198 0.516 0.333 29.538 3.917 0.281 68.861 33.311 35.549 12.727 
7 0.821 0.235 1.056 0.397 21.333 3.662 0.264 56.576 31.896 24.680 11 .290 
8 0.477 0.056 0.533 0.428 22.128 3.365 0.276 48.387 27.934 20.453 10.605 
6/20/2007 1 0.326 0.090 0.416 0.298 63.479 5.909 0.347 102.535 55.629 46.906 12.679 
2 0.255 0.224 0.479 0.188 60.945 4.885 0.312 87.063 49.057 38.006 7.651 
3 0.150 0.040 0.190 0.223 57.703 4.873 0.313 89.154 47.914 41.239 7.356 
4 0.282 0.067 0.349 0.248 60.030 4.787 0.308 84.136 45.914 38.221 5.142 
5 0.177 0.088 0.265 0.338 59.966 5.101 0.335 89.572 49.343 40.229 14.005 
6 0.137 0.088 0.225 0.368 44.182 4.195 0.279 69.500 41.629 27.871 7.334 
7 0.122 0.079 0.201 0.351 42.143 4.133 0.283 68.245 39.914 28.331 8.086 
8 0.195 0.066 0.261 0.396 41.374 4.123 0.298 61 .973 38.771 23.201 10.223 
Table A 1. ( continued). 
Total Mono Poly 
NH4 NOx DIN P04 Si03 DOC TDN CHOs Sacch Sacch Chl.a 
Date Station (µM) (uM) (µM) (µM) (µM) (ppm) (ppm) (uM-C) (µM-C) (µM-C) (u2: L-1) 
6/20/2007 9 0.202 0.277 0.479 0.499 34.041 3.734 0.277 54.446 32.771 21.674 11.303 
7/17/2007 1 4.137 2.513 6.65 0.183 96.472 9.390 0.503 203.732 144.486 59.246 17.701 
2 0.213 0.075 0.288 0.203 92.900 7.670 0.339 148.533 103.629 44.905 20.206 
3 0.184 0.062 0.246 0.162 89.058 7.454 0.341 146.861 99.629 47.232 17.075 
4 2.07 1 0.952 3.023 0.150 95.905 8.501 0.416 190.769 131.343 59.426 12.874 
5 0.203 0.076 0.279 0.418 98.001 6.729 0.390 129.716 87.629 42.087 40.065 
6 0.366 0.082 0.448 0.170 77.739 6.426 0.322 123.025 81.343 41.682 11.069 
7 0.182 0.058 0.240 0.221 67.811 5.746 0.319 79.118 61.057 18.060 12.690 
8 0. 143 0.062 0.205 0.334 41.157 4.931 0.291 64.900 37.914 26.985 20.906 
9 0.210 0.095 0.305 0.295 11.713 4.269 0.268 49.009 27.057 21.952 10.664 
8/13/2007 1 0.308 0.069 0.377 0.334 80.989 5.946 0.386 92.438 54.914 37.524 15.381 
2 0.155 0.064 0.219 0.351 69.693 5.005 0.343 69.273 43.486 25.788 13.281 
3 0.089 0.07 1 0.160 0.658 65.435 4.626 0.338 58.978 35.200 23.778 17.481 
4 0.297 0.082 0.379 0.827 74.360 4.652 0.363 53.830 40.629 13.202 5.975 
5 0.259 0.057 0.316 1.741 84.619 5.374 0.394 51.992 39.486 12.506 13.796 
6 0.096 0.070 0.166 0.736 59.057 4.129 0.324 54.933 30.057 24.876 16.486 
7 0.152 0.052 0.204 0.792 50.710 3.909 0.308 54.933 28.343 26.590 15.675 
8 0.123 0.098 0.221 0.947 49.993 3.741 0.313 51.256 28.914 22.342 14.238 
9 0.220 0.047 0.267 1.034 46.283 3.435 0.296 51.992 24.629 27.363 10.923 
9/26/2007 1 0.430 0.085 0.515 0.412 51.702 5.910 0.407 76.259 44.343 31.917 11.844 
2 0.242 0.127 0.369 0.536 41.783 5.866 0.383 64.861 36.057 28.804 6.634 
3 0.408 0.075 0.483 0.656 23 .555 4.988 0.361 59.713 33.771 25.942 5.757 
4 0.365 0.058 0.423 0.696 26.504 4.751 0.354 58.242 32.629 25.614 11.07 
5 0.211 0.080 0.291 1.848 40.379 5.005 0.392 61.919 34.629 27.291 16.449 
6 0.128 0.036 0.164 0.933 9.347 4.415 0.332 51.992 26.057 25.935 10.738 
7 0.206 0.067 0.273 1.027 7.241 4.127 0.321 51.256 24.343 26.913 6.932 
Table A 1. ( continued). 
Total Mono Poly 
NH4 NOx DIN P04 Si03 DOC TDN CHOs Sacch Sacch Chi.a 
Date Station (µM) (µM) (µM) (µM) (uM) (ppm) (ppm) (uM-C) (uM-C) (uM-C) (ug L-1) 
9/26/2007 8 0.194 0.058 0.252 1.009 4.193 4.048 0.324 51 .624 26.629 24.995 6.792 
(con't.) 9 0.215 0.096 0.311 1.046 7.442 3.861 0.320 53.830 25.486 28.344 9.375 
Table A2. Hydrologic Data from USGS and NOAA gauges. 
Date WR Gauge Ht WR Discharge JR Gauge Ht MTL (m) (m3 s-1) (m) (m) 
3/21/2007 1.76 5.07 0.28 0.044 
4/18/2007 1.75 6.57 0.15 -0.033 
5/ 15/2007 1.53 2.77 0.44 0.281 
6/20/2007 1.72 5.41 0.26 -0.019 
7/ 17/2007 2.04 13.19 0.23 0.021 
8/13/2007 1.42 1.95 0.29 0.081 
9/26/2007 1.57 3.03 0.48 0.305 
\0 
V, 
Table A3. Weather Data from NCDC stations. 
Weather Precipitation ( cm) 
Date Air Temp Wind S~eed Wind Monthly Avg 4d 3d 2d ld Sample 5d Total (OC) (ms-) Dir. Prior Prior Prior Prior Day 
3/21/2007 20.56 4.16 ESE 0.05 0 0.002 0 0 0 0.002 
4/18/2007 17.22 1.56 NNW 0.16 0.627 1.49 0.004 0 0.565 2.686 
5/15/2007 25.56 3.67 SE 0.14 0 0.641 0.485 0.584 0 1.71 
6/20/2007 26.67 2.82 N 0.15 0 0 0.737 1.786 2.328 4.851 
7/17/2007 25.00 0.85 s 0.27 1.168 1.075 1.892 1.969 0.256 6.361 
8/13/2007 32.22 1.52 s 0.12 0.246 0.476 0 0 0.049 0.77 
9/26/2007 26.67 0.67 ESE 0.11 0.074 2.121 0.961 0.104 0 3.26 
APPENDIXB 
SPEARMAN RANK CORRELATIONS FOR ENTIRE DATASET 
Table Bl. Spearman's Rank Correlations for total dataset (N=61). Values in bold represent highly significant correlations (p~0.01). 
Values in standard type indicate significant correlations (p~0.05). Dashed lines define a non-significant relationship. For Turbidity, 
N=54. 
Attached Free-Living Salinity In Situ T DO Turbidity NH4 NOx DIN P04 Si03 
I: Bacteria 0.977 0.285 0.608 0.621 0.276 
Attached -0.261 0.380 0.438 0.384 
Free-Living 0.307 0.656 0.643 0.282 
Salinity 0.531 0.596 0.395 0.806 -0.537 
In Situ T 0.685 0.312 -0.349 -0.373 0.334 
DO -0.381 -0.323 -0.434 0.504 
Turbidity 0.402 




Table B 1. ( continued). 
Chi.a DOC TDN Total Mono Poly 
WR WR JR MTL 
CHOs Sacch Sacch Gauge Ht Discharge Gauge Ht 
:E Bacteria 0.472 0.443 0.631 -0.260 0.313 
Attached 0.274 0.286 0.289 0.326 0.389 
Free-Living 0.436 0.416 0.614 
Salinity -0.482 -0.854 -0.860 -0.581 -0.759 -0.699 0.640 0.557 
In Situ T 0.444 0.653 -0.513 -0.371 0.312 
DO 0.584 -0.336 -0.319 -0.298 -0.282 0.381 0.397 
Turbidity 0.319 0.308 -0.277 -0.289 -0.690 -0.647 0.479 0.483 
NH4 0.267 0.348 
NOx 
DIN 0.263 
P04 -0.417 -0.746 -0.761 -0.519 -0.586 -0.585 0.568 0.513 
Si03 0.402 0.739 0.439 0.718 0.787 0.451 -0.339 -0.275 
Chi.a 0.410 0.590 
Table BI. ( continued). 
Air Wind Monthly 4d Prior 3d Prior 2d Prior Id Prior Sample 5d Total 
Temp Speed Avg Pptn Pptn Pptn Pptn Pptn Day Pptn Pptn 
~ Bacteria 0.523 -0.568 0.337 0.257 
Attached 0.307 -0.499 
Free-Living 0.553 -0.581 0.353 0.263 0.276 
Salinity 0.736 -0.344 -0.455 -0.254 -0.252 
In Situ T 0.901 -0.443 -0.252 0.262 
DO 0.642 -0.689 -0.265 




P04 0.534 -0.319 -0.492 -0.338 -0.319 
Si03 0.260 0.261 -0.312 0.260 
Chi.a 0.361 -0.312 0.269 0.261 0.373 
Table Bl. (continued). 
TDN Total Mono Poly WR WR JR MTL CHOs Sacch Sacch Gauge Ht Discharge Gauge Ht 
DOC 0.693 0.703 0.722 0.505 0.301 0.327 --- ---
TDN --- --- --- -0.259 --- 0.338 0.387 
Total CHOs 0.950 0.786 0.532 0.490 -0.452 -0.403 
Mono Sacch 0.605 0.538 0.491 -0.501 -0.438 
Poly Sacch 0.337 0.309 --- ---
WR Gauge Ht 0.899 -0.684 -0.571 
WR Discharge -0.820 -0.742 
JR Gauge Ht 0.961 
Table B 1. ( continued). 
Air Wind Monthly 4d Prior 3d Prior 2d Prior Id Prior Sample 5d Total 
Temp Speed AvgPptn Pptn Pptn Pptn Pptn Day Pptn Pptn 
DOC --- -0.356 0.274 0.354 --- 0.389 0.335 --- 0.408 
TDN 0.605 -0.659 --- 0.259 --- 0.429 0.333 --- 0.377 
Total CHOs -0.439 --- 0.321 --- --- --- --- --- ---
Mono Sacch -0.441 --- 0.349 --- --- --- --- --- ---
Poly Sacch --- --- --- --- --- --- 0.314 --- ---
WR Gauge Ht -0.746 --- 0.399 0.316 --- 0.333 0.287 0.275 0.388 
WR Discharge -0.662 --- 0.702 0.457 --- 0.501 0.426 0.593 0.656 




Table B 1. ( continued). 
Air Wind Monthly 4d Prior 3d Prior 2d Prior ld Prior Sample Day 5d Total 
Temp Speed Avg Pptn Pptn Pptn Pptn Pptn Pptn Pptn 
MTL 0.529 -0.658 -0.294 -0.859 -0.284 
Air Temp -0.344 -0.305 
Wind Speed -0.684 -0.682 -0.570 -0.543 
Monthly Avg Pptn 0.602 0.489 0.544 0.738 0.700 
4d Prior Pptn 0.579 0.276 0.319 0.390 
3d Prior Pptn 0.406 0.260 
2d Prior Pptn 0.860 0.919 
1 d Prior Pptn 0.267 0.825 






PRINCIPAL COMPONENTS ANALYSIS OUTPUT 
Table Cl . Principal Components Analysis SPSS output for the total dataset. PCA 
extracted 18 components based on a V ARIMAX rotated correlation matrix. However, 
only the first three components were found to be of significant value. Listed below are 
those three components with their associated variables and their loading values. The 
highest loading value associated with each component is listed. The closer the value is to 
1, the more variance the variable explains. Beyond PC3, no additional components 
would increase the percent variance explained. Variables omitted due to their high 
correlations with other variables: L Bacteria, DIN, TDN, Total CHOs, Air Temp, WR 
Gauge Ht, JR Gauge Ht, Monthly Avg Pptn. 
Component Variable Loading Values 
PCl Mono Sacch 0.915 
DOC 0.908 




WR Discharge 0.668 
Salinity -0.654 * 
5d Total Pptn 0.552 
Chi.a 0.495 
PC2 In Situ Temp 0.857 
DO 0.836 
Free-Living 0.807 
Wind Speed -0.771 * 
P04 0.599 
PC3 Turbidity 0.821 
Attached 0.744 
MTL 0.721 
* Salinity and Wind Speed were negatively correlated with the other variables on PCl 
and PC2, respectively. 
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Table C2. Principal Components Analysis SPSS output for monthly averages. PCA 
extracted six components based on a V ARIMAX rotated correlation matrix. However, 
only the first three components were found to be of significant value. Listed below are 
those three components with their associated variables and their loading values. The 
highest loading value associated with each component is listed. The closer the value is to 
l, the more variance the variable explains. Beyond PC3, no additional components 
would increase the percent variance explained. Variables omitted due to their high 
correlations with other variables: L Bacteria, DIN, TDN, Total CHOs, Air Temp, WR 
Gauge Ht, JR Gauge Ht, Monthly Avg Pptn. 
Component Variable Loading Values 
PCl NOx 0.953 
DOC 0.927 
WR Discharge 0.919 
5d Total Pptn 0.840 
Mono Sacch 0.832 
Poly Sacch 0.814 
NH4 0.748 
Chi.a 0.629 
PC2 DO 0.932 
Free-Living 0.928 
In Situ Temp 0.831 
P04 0.826 
Salinity 0.816 
Wind Speed -0.741 * 
PC3 Attached 0.971 
MTL 0.935 
Turbidity 0.735 
Si03 -0.644 * 
* Wind Speed and Si03 were negatively correlated with the other variables on PC2 and 
PC3, respectively. 
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Table C3. Principal Components Analysis SPSS output for station averages. PCA 
extracted eight components based on a V ARIMAX rotated correlation matrix. However, 
only the first three components were found to be of significant value. Listed below are 
those three components with their associated variables and their loading values. The 
highest loading value associated with each component is listed. The closer the value is to 
I, the more variance the variable explains. Beyond PC3, no additional components 
would increase the percent variance explained. Weather and hydrologic data were not 
included since they are bay-wide values and not station-specific. 
Component Variable Loading Values 
PCI Mono Sacch 0.982 
DOC 0.977 
Si03 0.976 
Salinity -0.942 * 
Poly Sacch 0.898 
Attached 0.864 
Turbidity 0.577 





PC3 NH4 0.932 
In Situ Temp 0.649 
* Salinity was negatively correlated with the other variables on PC 1. 
APPENDIXD 
ANOMALY CALCULATIONS 
Table DI. Bay-wide averages over entire study period. Station data was averaged by month. Bacterial abundances in 108 cells L-1• 
Inorganic nutrient concentrations in µM. Chi.a in µg L.1• DOC and TDN in ppm. Carbohydrate data in µM-C. 
Date L Bacteria Attached Free-Living Salinity In Situ Temp (°C) DO (mg L.1) Turbidity (NTU) 
3/21/2007 14.830 3.257 11.573 11.813 20.086 3.440 3.625 
4/18/2007 16.086 2.826 13.260 12.333 19.964 3.353 5.078 
5/15/2007 20.031 4.512 15.519 14.250 26.191 3.118 9.475 
6/20/2007 20.396 1.643 18.752 14.487 29.539 3.837 3.450 
7/17/2007 30.290 2.757 27.533 9.550 28.250 4.179 3.611 
8/13/2007 33.559 2.298 31.261 25.159 33.256 7.377 8.800 
9/26/2007 30.139 4.708 25.431 22.473 28.470 7.526 9.533 
Table D 1. ( continued). 
Date NH4 NOx DIN P04 Si03 Chi.a DOC TDN Total CHOs Mono Sacch Poly Sacch 
3/21/2007 0.363 0.077 0.440 0.313 53.838 6.950 4.362 0.255 86.391 54.573 31.818 
4/18/2007 0.370 0.129 0.499 0.318 43 .878 7.022 4.440 0.258 84.709 54.223 30.486 
5/15/2007 0.680 0.137 0.817 0.335 40.042 11.610 4.125 0.287 72.145 40.599 31 .546 
6/20/2007 0.205 0.113 0.318 0.323 51.540 9.309 4.638 0.305 78.513 44.549 33.964 
7/17/2007 0.857 0.442 1.298 0.237 74.528 18.139 6.791 0.354 126.185 86.010 40.175 
8/ 13/2007 0.189 0.068 0.257 0.824 64.571 13.693 4.535 0.340 59.958 36.184 23.774 




Table D2. Station-Bay anomaly values, calculated from Tables Al and Dl. Bay-wide averages were subtracted from individual 
station data to determine if the values had a positive or negative trend. All positive numbers were added together, and all negative 
numbers were added together. If the positive number was higher than the negative number, that variable was determined to have an 
overall positive trend. The reverse applies to negative trends. Positive anomalies are in red, negative anomalies in black, and 
anomalies that were very close in value are grayed out and considered "neutral." Only those variables that exhibited spatial 
differences in KW and MW tests were considered for anomaly analyses. 
Station Date Attached NH4 DIN Si03 DOC Total CHOs Mono Sacch Poly Sacch 
1 3/21/2007 0.142 0.659 0.738 7.151 1.052 29.900 30.531 -0.630 
4/18/2007 0.117 0.112 0.136 17.900 1.162 48.986 22.956 26.030 
5/15/2007 0.838 1.457 1.448 23.092 0.853 20.602 11.108 9.493 
6/20/2007 0.886 0.121 0.098 11.939 1.271 24.021 11.079 12.942 
7/17/2007 0.069 3.280 5.352 21.944 2.600 77.547 58.476 19.071 
8/13/2007 1.082 0.119 0.120 16.418 1.411 32.479 18.730 13.749 
9/26/2007 -1.528 0.163 0.173 28.130 1.136 17.404 12.794 4.610 
Negative -1 .528 0.000 0.000 0.000 0.000 0.000 0.000 -0.630 
Positive 3.134 5.912 8.065 126.573 9.483 250.940 165.674 85.896 
2 3/21/2007 -0.667 -0.250 -0.288 9.005 0.084 2.943 7.606 -4.663 
4/18/2007 -0.028 -0.045 -0.046 7.426 0.188 14.180 4.560 9.620 
5/15/2007 -0.897 -0.033 -0.057 14.131 0.265 7.294 3:750 3.544 
6/20/2007 0.298 0.050 0.161 9.405 0.247 8.549 4.508 4.041 
7/17/2007 0.182 -0.644 -1.010 18.372 0.879 22.349 17.619 4.730 
8/13/2007 0.391 -0.034 -0.038 5.122 0.469 9.315 7.302 2.013 
9/26/2007 -1.351 -0.025 0.027 18.211 1.091 6.006 4.508 1.498 
Negative -2.942 -1.030 -1.439 0.000 0.000 0.000 0.000 -4.663 
Positive 0.871 0.050 0.187 81.671 3.224 70.636 49.852 25.446 
3 3/21/2007 1.252 -0.215 -0.142 4.490 0.066 -1.152 6.191 -7.343 
4/18/2007 1.697 -0.185 -0.198 2.299 -0.049 3.602 5.409 -1.807 
5/15/2007 0.378 -0.310 -0.383 12.983 0.199 9.682 2.901 6.782 
-0 
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Table D2. ( continued). 
Station Date Attached NH4 DIN Si03 DOC Total CHOs Mono Sacch Poly Sacch 
3 6/20/2007 1.314 -0.055 -0.128 6.163 0.235 10.640 3.365 7.275 
(con't.) 7/17/2007 1.367 -0.673 -1.052 14.530 0.663 20.676 13.619 7.057 
8/13/2007 -0.470 -0.100 -0.097 0.864 0.091 -0.981 -0.984 0.004 
9/26/2007 0.703 0.141 0. 14 1 -0.017 0.213 0.858 2.222 -1.364 
Negative -0.470 -1.538 -2.000 -0.014 -0.049 -2.132 -0.984 -10.514 
Positive 6.710 0.141 0.141 41.328 1.467 45.458 33.707 21.117 
4 3/21/2007 0.316 -0.123 -0.1 57 -2.836 0.060 -2.175 -0.035 -2.140 
4/18/2007 -0.527 -0.066 -0.02 1 19.666 0.656 20.664 27.767 -7.104 
5/15/2007 -0.304 -0.286 -0.349 -8.796 -0.101 1.152 5.448 -4.296 
6/20/2007 -0.313 0.077 0.03 1 8.490 0.149 5.622 1.365 4.257 
7/17/2007 0.494 1.214 1.725 21.377 1.710 64.584 45.333 19.250 
8/13/2007 -0.728 0.108 0.122 9.789 0.117 -6.128 4.444 -10.573 
9/26/2007 8.489 0.098 0.081 2.932 -0.023 -0.613 1.079 -1.692 
Negative -1.872 -0.475 -0.527 -11.633 -0.124 -8.916 -0.035 -25.805 
Positive 9.299 1.498 1.959 62.254 2.692 92.021 85.438 23.507 
5 3/21/2007 2.790 0.109 0.079 3.240 0.231 4.308 -2.583 6.891 
4/18/2007 2.999 -0.152 -0.236 15.716 1.108 19.299 18.994 0.305 
5/15/2007 -1.717 -0.402 -0.314 5.720 0.215 3.882 5.448 -1.567 
6/20/2007 0.391 -0.028 -0.053 8.426 0.463 11.058 4.794 6.265 
7/17/2007 2.532 -0.654 -1.019 23.473 -0.062 3.53 1 1.619 1.912 
8/13/2007 0.193 0.070 0.059 20.048 0.839 -7.967 3.302 -11.268 
9/26/2007 2.261 -0.056 -0.051 16.807 0.230 3.064 3.079 -0.015 
Negative -1.717 -1.292 -1.674 0.000 -0.062 -7.967 -2.583 -12.850 
Positive 11.167 0.179 0.139 93.429 3.086 45.142 37.235 15.372 
6 3/21/2007 -1.818 -0.25 1 -0.281 -5.361 -0.341 -11.047 -1 1.639 0.592 




Table D2. ( continued). 
Station Date Attached NH4 DIN Si03 DOC Total CHO Mono Sacch Poly Sacch 
6 5/ 15/2007 -1.019 -0.362 -0.301 -10.504 -0.208 -3.284 -7.288 4.003 
(con't.) 6/20/2007 -0.413 -0.068 -0.093 -7.358 -0.443 -9.014 -2.921 -6.093 
7/ 17/2007 -0.775 -0.491 -0.850 3.211 -0.365 -3.159 -4.667 1.507 
8/13/2007 -0.418 -0.093 -0.091 -5.5 14 -0.406 -5.025 -6.127 1.102 
9/26/2007 -0.293 -0.139 -0.178 -14.225 -0.359 -6.864 -5.492 -1.372 
Negative -6.509 -1.603 -2.067 -51.685 -2.673 -60.384 -51.970 -15.619 
Positive 0.000 0.000 0.000 3.211 0.000 0.000 0.000 7.204 
7 3/21/2007 -1.743 -0.141 -0.145 -2.873 -0.528 -11.730 -14.1 86 2.456 
4/ 18/2007 -0.926 -0.215 -0. 196 -15.938 -0.767 -25.744 -16.101 -9.643 
5/15/2007 0.453 0.14 1 0.239 -18.709 -0.463 -15.569 -8.703 -6.866 
6/20/2007 -0.713 -0.083 -0.117 -9.397 -0.505 -10.268 -4.635 -5.633 
7/17/2007 -0.930 -0.675 -1.058 -6.7 17 -1.044 -47.067 -24.952 -22.115 
8/ 13/2007 -0.282 -0.037 -0.053 -13.861 -0.627 -5.025 -7.841 2.816 
9/26/2007 -2.467 -0.061 -0.069 -16.331 -0.648 -7.599 -7.206 -0.393 
Negative -7.060 -1.211 -1.638 -83.827 -4.581 -123.002 -83.625 -44.650 
Positive 0.453 0.141 0.239 0.000 0.000 0.000 0.000 5.273 
8 3/21/2007 -0.272 0.213 0.194 -12.815 -0.623 - 11.047 -15.884 4.837 
4/ 18/2007 -0.686 -0.172 -0.248 -11.787 -0.580 -19.943 -1 8.365 -1.578 
5/15/2007 2.267 -0.203 -0.284 -17.914 -0.760 -23.758 -12.665 -11.093 
6/20/2007 -0.727 -0.010 -0.057 -10.166 -0.515 -16.541 -5.778 -10.763 
7/ 17/2007 -1.396 -0.714 -1.093 -33.37 1 -1.859 -61.285 -48.095 -13.190 
8/13/2007 0.950 -0.066 -0.036 -14.578 -0.794 -8.702 -7.270 -1.432 
9/26/2007 -3.131 -0.073 -0.090 -19.379 -0.726 -7.231 -4.921 -2.311 
Negative -6.211 -1.237 -1.808 -120.011 -5.858 -148.508 -112.978 -40.367 




Table D2. ( continued). 
Station Date Attached NH4 DIN Si03 DOC Total CHO Mono Sacch Poly Sacch 
9 4/18/2007 -0.874 0.924 1.083 -26.561 -1.167 -39.052 -31.384 -7.668 
6/20/2007 -0.722 -0.003 0.161 -17.499 -0.904 -24.068 -11.778 -12.290 
7/ 17/2007 -1.544 -0.647 -0.993 -62.815 -2.522 -77.175 -58.952 -1 8.223 
8/13/2007 -0.719 0.031 0.010 -18.288 -1.100 -7.967 -11.556 3.589 
9/26/2007 -2.684 -0.052 -0.031 -16.130 -0.913 -5.025 -6.063 1.038 
Negative -6.542 -0.701 -1.025 -141.293 -6.606 -153.287 -119.733 -38.182 
Positive 0.000 0.955 1.254 0.000 0.000 0.000 0.000 4.627 
Table D3 . Area-Bay anomaly values, calculated from Tables Al and Dl. Bay-wide averages were subtracted from area-averaged 
data to determine if the values had a positive or negative trend. All positive numbers were added together, and all negative numbers 
were added together. If the positive number was higher than the negative number, that variable was determined to have an overall 
positive trend. The reverse applies to negative trends. Positive anomalies are in red, negative anomalies in black, and anomal ies that 
were very close in value are grayed out and considered "neutral." Only those variables that exhibited spatial differences in KW and 
MW tests were considered for anomaly analyses. West BSL and MS Sound areas were not included, because those areas only 
encompass one stations, stations 1 and 9, respectively, and results are the same as in Table D2 for those stations. North: stations 2 and 
3; East: stations 4 and 5; Mid: stations 6, 7, and 8. 
Area Date Attached NH4 DIN Si03 DOC Total CHOs Mono Sacch Poli Sacch TDN 
North 3/21/2007 0.293 -0.233 -0.2 15 6.747 0.075 0.896 6.899 -6.003 -0.010 
4/18/2007 0.834 -0.11 5 -0.122 4.863 0.070 8.89 1 4.984 3.907 0.004 
5/15/2007 -0.259 -0.172 -0.220 13.557 0.232 8.488 3.325 5.163 0.000 
6/20/2007 0.806 -0.003 0.016 7.784 0.241 9.595 3.937 5.658 0.007 
7/17/2007 0.774 -0.658 -1.03 1 16.451 0.771 21.512 15.619 5.893 -0.014 
8/13/2007 -0.039 -0.067 -0.067 2.993 0.280 4. 167 3.159 1.008 0.000 
9/26/2007 -0.324 0.058 0.084 9.097 0.652 3.432 3.365 0.067 0.017 
Negative -0.623 -1.247 -1.655 0.000 0.000 0.000 0.000 -6.003 -0.024 
Positive 2.707 0.058 0.100 61.491 2.321 56.981 41.288 21.696 0.027 
East 3/21/2007 1.553 -0.007 -0.039 0.202 0.145 1.066 -1.309 2.375 0.007 
4/18/2007 1.236 -0. 109 -0.129 17.691 0.882 19.981 23.381 -3.399 0.028 
5/15/2007 -1.010 -0.344 -0.331 -1.538 0.057 2.5 17 5.448 -2.932 -0.008 
6/20/2007 0.039 0.024 -0.01 1 8.458 0.306 8.340 3.079 5.261 0.016 
7/17/2007 1.513 0.280 0.353 22.425 0.824 34.058 23.476 10.581 0.048 
8/13/2007 -0.267 0.089 0.09 1 14.919 0.478 -7.047 3.873 -10.920 0.038 
9/26/2007 5.375 0.021 0.015 9.870 0. 103 1.226 2.079 -0.854 0.018 
Negative -1.278 -0.460 -0.510 -1.538 0.000 -7.047 -1 .309 -18.105 -0.008 




Table D3. (continued). 
Area Date Attached NH4 DIN Si03 DOC Total CHOs Mono Sacch Pol~ Sacch TDN 
Mid 3/21/2007 -1.278 -0.060 -0.077 -7.016 -0.497 -11.275 -13.903 2.628 -0.013 
4/ 18/2007 -1.128 -0.196 -0.239 -12.149 -0.633 -22.559 -16.101 -6.459 -0.023 
5/ 15/2007 0.567 -0.142 -0.115 -15.709 -0.477 -14.204 -9.552 -4.652 -0.014 
6/20/2007 -0.618 -0.054 -0.089 -8.974 -0.487 -11.941 -4.444 -7.497 -0.019 
7/17/2007 -1.034 -0.626 -1.001 -12.293 -1.090 -37.171 -25.905 -11.266 -0.044 
8/13/2007 0.084 -0.065 -0.060 -11.318 -0.609 -6.251 -7.079 0.829 -0.025 
9/26/2007 -1.964 -0.091 -0.113 -16.645 -0.578 -7.231 -5.873 -1.358 -0.029 
Negative -6.021 -1.233 -1.694 -84.104 -4.370 -110.632 -82.857 -31.231 -0.167 




Table D4. Shoreline-Bay anomaly values, calculated from Tables Al and Dl. Bay-wide averages were subtracted from shoreline-
averaged data to determine if the values had a positive or negative trend. All positive numbers were added together, and all negative 
numbers were added together. If the positive number was higher than the negative number, that variable was determined to have an 
overall positive trend. The reverse applies to negative trends. Positive anomalies are in red, negative anomalies in black, and 
anomalies that were very close in value are grayed out and considered "neutral." Only those variables that exhibited spatial 
differences in KW and MW tests were considered for anomaly analyses. Inner Bay: stations 1-5; Outer Bay: stations 6-9. 
Shoreline Date Attached NH4 DIN Si03 DOC Total CHOs Mono Sacch Poll'. Sacch 
Inner Bay 3/21/2007 0.767 0.036 0.046 4.210 0.299 6.765 8.342 -l.577 
4/18/2007 0.852 -0.067 -0.073 12.602 0.613 21.346 15.937 5.409 
5/15/2007 -0.338 0.085 0.069 9.426 0.286 8.522 5.731 2.791 
6/20/2007 0.515 0.033 0.021 8.884 0.473 11.979 5.022 6.956 
7/ 17/2007 0.929 0.505 0.799 19.939 l.158 37.738 27.334 10.404 
8/ 13/2007 0.094 0.033 0.034 10.448 0.585 5.344 6.559 -1.215 
9/26/2007 1.716 0.065 0.074 13.213 0.530 5.344 4.737 0.608 
Negative -0.338 -0.067 -0.073 0 0 0 0 -2.792 
Positive 4.873 0.756 1.043 78.721 3.945 97.037 73.662 26.168 
Outer Bay 3/21/2007 -1.277 -0.060 -0.077 -7.016 -0.497 -11.275 -13.903 2.628 
4/18/2007 -1.066 0.084 0.091 -15.752 -0.766 -26.683 -19.921 -6.761 
5/15/2007 0.568 -0.142 -0.115 -15.709 -0.477 -14.204 -9.552 -4.652 
6/20/2007 -0.643 -0.041 -0.027 -11.105 -0.591 -14.972 -6.278 -8.695 
7/ 17/2007 -1.162 -0.631 -0.999 -24.923 -l.448 -47.172 -34.167 -13.005 
8/13/2007 -0.116 -0.041 -0.042 -13.060 -0.732 -6.680 -8.198 1.519 
9/26/2007 -2.143 -0.081 -0.092 -16.516 -0.662 -6.680 -5.920 -0.759 
Negative -6.406 -0.996 -1.352 -104.083 -5.172 -127.665 -97.940 -33.873 




Table D4. (Continued) 
Shoreline Date TDN 
Inner Bay 3/21/2007 0.008 
4/ 18/2007 0.023 
5/15/2007 0.008 
6/20/2007 0.018 


























































Table El. Latitude and Longitude for sampling stations, USGS river gauges, NOAA tide 
gauge, and NCDC weather stations. The Gulfport-Biloxi Airport (GPT) station also 
recorded wind speed and direction. Precipitation data from the 12 NCDC stations were 
averaged together to report total precipitation in the BSL watershed (Table A3). 
TJ.'.ee of Station Station Number/Name Latitude {0 Nl Lon8itude CWl 
BSL 1 30°20'29" 89°21 '26" 
(Water 2 30°22' 14" 89° 19'04" 
Sampling) 3 30°21 '25" 89°19'04" 
4 30°21'21" 89° 17'42" 
5 30°20'33" 89° 16'00" 
6 30°20'34" 89°18'46" 
7 30°20'02" 89°18'28" 
8 30°18'48" 89°18'21" 
9 30° 17' 16" 89° 17'55" 
USGS WR Gauge 30°29'01" 89°16'28" 
JR Gauge 30°23'14" 89°26'29" 
NOAA BWYC Tide Gauge 30°19.5' 89°19.5' 
NCDC Ansley 30°14' 89°30' 
(Weather) Stennis/NASA 30°24' 89°35' 
Biloxi 30°24' 89°00' 
GPT 30°25' 89°05' 
Gulfport 3NW 30°27' 89°08' 
Gulfport Naval Ctr 30°23' 89°07' 
Picayune 30°31' 89°43' 
Poplarville 30°50' 89°33' 
Saucier 30°38' 89°03' 
Stennis/Diamondhead 30°24' 89°29' 
Waveland 30° 18' 89°23' 
Wi88ins 30°52' 89°08' 
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